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«

" A program directed towards the design snd evaluation of a4 passive orientation

device for use in alleviating the stritgent sun vector alignment requirements

.associated with lghtweight high quality paraboloidal solar concentrators h’lb

been coripleted. The orientation device fabricated and testing during the
program is designed to sense the unbalance of solar energy impinging on
sensors located adjacent to the focal plane of the concentrator. The device
res ponds to this unbalance by producing correctwe torques thereby relocating
the concentratov and reducing the solar orientation error.

A variety of mechanisms using bimetallic and vapor pressure sensor-actuator
elements werc evaluated and tac vyapor pressure type was selected. A mercury
filled sensor and bellows actyator mechanism was constructed and mtegrated
with a calorimeter device which simulates a thermionic generator. ' Test re-
sults have shown that the mount is easily capable of reducing + 5 degree align-
ment errors to less than # § minutes when applied in a system consisting of a
searchlight qua]i’ty {ool concentratm and a simulated Lhernnomc generator

operatmg at 2000°K. Q& ‘\51 .
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1.0 INTRODUCTION ‘ S L '

Recent advances have made thermionic power conversion systems extremé‘y ‘desirable
for space vehicle applications, particulariy when highly ‘accurate solar concentrators
use the limitless energy of the sun fo provide the requived powgr. The advaniages of
not having to carry a fuel or heat source are obvious, but the requirement for high tem-

peratures with thermionic energy conversion fosters a formidable solar orientatior prob- ‘

lem. The rcquirement that high precision concentrators be sun oriented to within tenths
of a degree established the need for development of highly accurate and reliable orienta-
tion mechunisms. ' - .
Feasibility test models.conceived and built in the past have shown that heliotropic mounts
can provide the tvpe of control action requwed to orient solar concenirators without
using complex electronic or eleciromechanical devices.” The models demonsirated that
mount power requiremernts sre very small, repr ,sentmg only the energy normally lost
outside a thermionic generator cavily due ‘o the image spreu:l associated with paraboloi-
dal reflectors. The simplicity of the design concept and the small number of parts in a
pa.ssi‘dc‘he}‘iotr.npic mount promote high periormance and reliabilily, Also since many -
space power system generator concepts will involve the use of relatively small concen-
trator-generalor modules, the heliotropic mount repregcnt an 1de'<1 way of edsmo the
structural alignment tolerances in the assembly of an army of modules since each module
is mdependently oriented. :

"
i

The heliotropic mount is a sun sensing and seeking devige as is rnplled by its name. In

practice it is possible to arrange many simple mechamoms excm sive of any electronics

or eleciromechanical components, which will exhibil a tropistic reasiion when placed in
view of the sun. The heliotropic mount concept is 1llustratu] in Figurc 1.0-1 for a me-
chanism ubmg himetallic strips to obtzin the corrective action. The motion shown for
the misaligned concentrator is greatly exagperated since the mount mechanisin can he
made to be a'very high gain device, The operaling principle is, however, clearly il-

“lustrated, As the vehicle, and thevcfore, the concenirator, is misoriented with,rcspe:ﬁt/

to the sun, the focal spol tends to move away fiom the concentrator axis and produce an
unbalanced heating of the interposed bimetallic elements, These elements in turn produce
restoring torque which minimizes the alignment error,

. \
" , . o B At
' v

In cayly 1959, the Thompson Ramo Wooldridgg Corporation (TRW) designed and tested
geveral feasibility models of the heliotropic mount which used simple bhimetallic sensor
actualors to obtain concentrator alignment corrections.  An improved model shown in
Figure 1.0-2 was tested and found to possess a gain sulficient to limil conc: ntrator align-
ment error Lo legs than 0. [ degrees in the face of vehicle misorientation of up to 5 de-
grees,  Other' characieristics such as thermal response, mechanieal strength or btllhl(}.‘S.
and load capacily were somewhat deficient. ‘he mounts were rolatively simple and opera-

tion was confined {o sunplc beneh testing with little regard for the environmental con-

ditions which would be encountercd in an actual solar thermionic system,

il
LS

[



MISDIRECT 1
SOF AR EXNERGY
DEVEIOPS
MISTORING
TORUYE

HELIOTROPIC ORIFENTATION &0 STEN SCHEMATIC

SO AR RADIATION

1 L
Y .

RO e,

oo |
! Lme 4
' "’A\ i 1
] t

| ; Lot !
P L
S N
i i THE RAIIONIC |
i CCONVERTERY |,

‘ L i
i o - \ e T
f BI-METALLIC Gl
i I{:: BRIFNTS '7"l’§/ -
; FELEMERTS '
f ; k
; ——
P
! i
I :
| !
o
| i
! |
‘ |

!

|

\

/ MISATICNED POSITION OF

— ALIGNED POSTITON OF REFLECT(

- 1— ORIENTATION |

| SUPPORT
Y FROM VENICLE

PRy

|

ERROR

CCONCENTRATOR
SUPPORT

REFLFCTOR,

R

FIGURI

.01



A -

z Fev- - %

bl

0

_BIMETALLIC .
S

. ELEMENTS
APERTURE —. / : o
o Vv ‘ A .

~ A

‘et

GENERATOR QQ !

BODY T
: ‘0 :

COUNTERBALANCE
RING .

1 te

¥

+ ~.COMPLETE HELIOTROPIC MOUNT ASSEMBLY
INSTALLED ON A VACUUM PLATE

FIGURE 1,0-2



In recoguition of the need for a passive type orientation device for fulure space power
sysiems, a research program was awarded to TRW by NASA for the fabrication and
~testing of o typical device. Under the NASA sponsored program the objective was to
develop a practical mount configuration which would operate with precision concen-
trators of up to 10 feet in diameter. The test mount design established during the pro-
gram, is sized to operate with a 5 foot concentrator to faciiitate testing of the mount with
solar ‘energy. This mouni was {o be fully compatible with the operating envionment ana
capable of reducing concenfrator misalignmenti to » 12 minutes or less ir the face of
vehicle orientation errors of + 5 degrees. During the program, several mount concepts
were reviewed and. hased on the results of this review a specitic concept was selected
and designed. This design is as near prototype as possible and demonstrates that the
selected configuration is eniirely compatible with the operating environment and posses-
es operating characteristics suitable for integration in anticipated future space power
systems. The mouant design was completely tesied to determine all pertinent thermal,
mechanical. and structural characteristics. Because of the nature of the tests and the
complications of trying to simulate space vacuums, zero gravity condilions, thermal
equilibriums. etc. the test activity represented one of the most critical and difficult
undertakings in the program.

There are a numbeér of configurations using both bimetallic and vapor pressure sensor-
actuators which can he adapted io a solar power generating system to reduce orientation
requirements by mears of repositioning the concentrator. The principal configurations
which were considered in detail under this program are reviewed in the following sections.
In all cases the mount sensors were considered to intercept the tail or fringe zone of the
flux profile at the generator cavity aperture. Other approaches using secondary lenses
or mirrors are possible and would perhaps prevent mount or sensor destruction during
initial acquisition or gress misorientation periods when very high flux levels prevail
"at the sensors, The use of the conceniraied cone of flux is very desirable, on the other
hand, since it provides for a very high and variable gain system and eliminates the
problems of aliging the secondary mirror sysiems.
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2.0  SUMMARY

The effort during this resesrch project has been directed in seven major areas -

assocjated with the development, design, and evaluation of a near prototype helio-.

fropic mount. These areas are: '

1. A review of the basjc considerations and design factors related
to the many mounts and actuation concepts,

2. A detailed study of, and finalization of a preferred mount design
concept. ’

3. The fabrication of all mounl hardware along with the preparation
of test facilities required for a comprehensive mount evaluation.

4, Conductihg preliminarf; performance tests and calibration of
the calorimeter device, , °

5. Modificatlion of the mount as required.

6. A complete laboratory evaluation of the modified mount to deter-
mine all thermal, inertial, and gain characteristics.

‘7. Solar testing of the mount to confirm characteristics predicied o
during the design phase and the laboratory testing.

A review of the dpproaches to reorientation of misaligned sblar concentrators led to
the conclusion that the most satisfactory approach is to slew or rotate the concen-
trator about the generator assembly. Other approaches suffer excessive losses and
are generally more difficult fo mechiuize. The hasic heliotropic mecharisms,
including various configurations of bimetallic elements and several vapor pressuve
mechanisms using bellows, bourdon tul)eé? and helix configurations, were evaluated
on the basis of their particular characteristics and limitations. The resulls o5 tuis
evaluation has led to the selection of the vapor pressure concept using bellows type -
actuators, mercury as the charging fluid, and flexure bearings as the prime com-~
ponents. This selection was made not because bimetallic and other vapor pressure
concepls were unsuilable, but because the bellows acluator concept appeared to offer
the best comhbination of desirable characieristics and the greatest flexibility and -
adaptability which will be required in anticipated future system applications. n
’ Y ’ : o ) ) b .
A tentalive design was carried out using the bollows concept Luill around a thermionic
{ype module consisting of a five fool diameter solar concenirator .and a 100 watt

thermionic generator, Appropriate characteristics were assumed for the concentrator,

renerator and mount hardware, These characterisiics wWere then used in an analog
5 , { g

4 "
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computer program to permit a reasonabply comprehensive study of the mount perform-
ance, Favorahle computer study results including a parametric cvaluation of various
changes in component characleristics were suhsequently obtained. Based on these
‘results a heliotropic mount was designed and the necessary drawings prepared.

The fabrication of a power distribution calorimeter whlch sim:ulates the thermionic
generator, the special mounting plates and bracketry, and other components of the
heliotropic mount was accomplished. The calorimeter device is intended to provide
a good simulation of the operational environment. associated with a thermionic
generator and serves as the power.absorbing and measuring device required for the
solar testing phase of the mount evaluations. The actual mount hardware is designed
as an attachment to the calorimeter assembly as shown in Figure 2.0-1, and possess
all the features which would be required for 'a working space power system. The
assembly including the vacuum enclosures for envivonment simulation and suppoit
structures have been designed to permiit a complete test evaluation of all thermal, -
dynamic, and mechanical mount characteristics.

Preliminary tests conducted on the mount in the laboratory showed a number of defects
in the assembly. The calorimeter, which consists of four conducting elements sized
and instrumented with thermocouples to permit a measurement of heat flux, was found
to be very, erratic in its behavior. The calorimeter cavity attained very nearly its
1700°C deslgn temperature with the proper'power input simulated by electron bombard-
ment heating, butl an unstable mechanical junciion between the sensing elemenis and the
radiator sections within the calorimeter produced radical fluctuations in conducted
power. The bellows selected for the mount actuators was also found to vary greatly

in its characteristics with the application of pressure. The overall spring rate was
found to cquadruple at design presgures, deflection was limited, and the effective
bellows area was determined to be half the value speficied by the vendors literature,
Most important of all, the sensors used in detecting concentrator alignment errors
were found to he several hundred degrees too hot due to the direct thermal input

from the adjacentl hot cavity of the calorimeter,

.The mount was reworked t+ eliminate or reduce the problems encovntered during

preliminary testing, The poor thermal joint at the calorimeter shalt to radiator
junction was hrazed to form a one picce assembly. ~The bellows iength was doubled
hy welding on an identical hellows and lengthening the bellows liousine and Hther
linkages, Both changes were found satisfactory in that the ~alorimeter outpat w a8
stabilized and the mount spring rate reduced by g factor of two, The doubling of
the hellows length also increased the allowable deflection 10 a full + 5° of mount
motion which had at first been found deficient to the extent thati a sh;,hi }101(!111;, of
the bellows occurred when the mount was rotated over 4°. | The sengor overtempe: -
ature problem was not overcome by attempts at improved shielding and heatsinking,
The final solution required the removal of the sensor (o & location outside the
snnulatod generator body fo a point nearly 1/2 inch forward of the focal plane and

sy
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the cavity aperiure. There was considerable concern that the flux profile or
distribution so fay, forward of the focal plane might not he snitable to insure high
sensilivily to small concentrator alipnment errors thereby reducing the mount gain
to an unsaiisiactory fevel, Preliminary cstimates of this flux distributicn indicated
a reasonable chance for obtaining good mount performance, however, and the very
favorable solar test mbult‘; have since horn out the W]Sdom of this relocation.

The reworked ‘miount was subjected to a series of laboratory tests to oblain as much
performance data as possible., The tests were divided into several discrete classifi-
cations Lecause of the complications of trying to lest space qualified hardware under
an earth bound environment. Static and dynamic tesis of mount rotation as a function
of sensor lemperature werc carried out in high vacuum using combinations of electron
hombardment and resistance heating techniques 1o simulate input power, levels under
solar operation. Inertial tests, simulating the mass of the concentrator, were of
necessity cariied out outside the vacuum enclosures with simiple elecirical heating
elements used to force sensor and other key components to the degired i'.emperature
levels, Dynamic {requency, response data was oblained for a considerable range of

+ tlemperatvres and for several concentrator inertial values simulated by simple ’

weighted lever arm systems The range of frequency response data was severely
limited hecause of the sensor heater masses but data obtained for frequencies up

to 0, 05 cps compared favorably wilh previous comnuter study performance values. ¢

Under actual solar energy tests using the TRW solar tracker rig and a § fool diameter
glass concentrator mount performance was found to be satisfactory. With the sensors
free of ¢the added thermal inertia of the heaters ‘and operating in the high vacuum of

the tracker environmental chamber, the mount response and gain were very close to

the design values. The mount has demonqtrated its ability to respond to signals which
vary at frequencies up to 0.1 cps. The mount gain or measure of sensitivity has -
been found to be betler than 1 degree rotation per 1 minute of misorientation signal,

With this gain it is easily possible to maintain concentrator alignment within + 5 mmute
while subjecting the vehicle structure to orientation errors of + 5 degrees, o

A review of the performance lest results leads {o the conclusion that heliotropic devices
can be developed and used satisfactorily in anticipated future space power svstems,
Such mounts should he able to correct for random”orientation ervors in stabilized
vehicles or space stations, and may even be bUlL'lblO for use with slowly mt'mn;‘ spin
stabilized st'\tmns
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3.0 ~ MOUNT CONCEPT EVALUATION ' -

3.1 Review of Methods for Correcting for Concentrator Migalignment -

An evaluation of two methods of concentrator and cavity alignment was performed.”
These methods include generator vavity translation and conccairator reahgnment

by means of heliotropic devices. J

Of the two approaches stated a stronger case may he made for the concef)t wifich
slews or repositions the concentrator. The arguments which are presgented for or
against each concept arc founded not only on an analytical evaluation but also upon
practical physical and dynamic considerations appropriate to the mount mechanigms.
Other factors which are given consideration are those pertaining to the environmental
ard operating conditions which are present in the typical space station or vehicle,

The chief adv'mtage of repositioning the cavity is that it would not be burdened by

the large inertias associated with the concentrator sle‘vmg mechanisms. Also, by
the addition of a small weight penalty, ii appears reasonable that such a mount

could e made to withsland the spin loading associated with large rotating spaclé
vehicles or's&tations. However, the flux distribution with this mount arrangement

is subject to considerable distortion and spread due to angular misalignments in

the concentrator. This is shown in Figure 3.1-1 which indicates the spot shape

and axial displacement for a 45° rim angle, 10 foot diameter paraboloid under'several
conditions of misorientation. The circular spol represents the aperture diameter
which would be sufficient to intercept all of the solar flux .ssuming a perfeéb con-
centrator surface geometry. The spot outlines shown displaced {rom this c1rcuu3r
aperture represent the effect of misorienting this concentratox in the amount of \:\\
3, 10, and 30 mmutes of arc. It is immediaiely seen that even il {3 cawi.y aperture
were moved {o coincide with the center of the peak flux intengity of cach spol there -

“would be,supstantial losses due to the large proportion of flux {alling outside the

aperture, The area of the spot with 30 minutes misorientation is 175 per cent of the
circular aperfure area, This number is substantially increased for orientation errors
approaching 5 degrees and for concenirators of higher rim angles,
v “
The cavity {ranslation requirements for a 26 inch {ocal lenglh concentrator would be
approximately: -
d - 26sin¥ = 2,26 inches . o

for # equal to 5 degrees. If the alignment error occurs on a plane 45 desrees from
the actuator axis, the required actliator stroke must he 3, 2 inches, . These numhers

assume the solar ray from the center of the concentrator w111 he coincident with the

- center line of the altered flux dlstmbutlon profiie, Since this is not the ¢ ase, the

acluator motion must be even larger. Tn congidering motions of this sort, it is almost
mandatbry that pistons, linear motor, jack screws, or similar componenis be utilized
Fven if high flexure welded hellows could he emplaoyed the "l gensar inventory volumes
would lie}come very large with an attendant loss in regponse and performance,

9
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The fact thas'th\‘e focal spot is changed and the flux profile made unsymmetrical would
also make it very difficult to determine a suitable sénsor location, Even though the
_sengors would slways seek a 10Cdt10n where a force balance would cxist in the mount |
‘actuator 'system the power input to tn(, sensorg would vary with miserientation error.
"Thig power inpuf variation could easily he as much as 10 or 20 times the design value
under oriented conditions and a mount-failure due to overtemper atun or overpressure
might occur. . o

|
Because of the lar ge amounts of power lost outside a properly swukc avity aperture
the oxcesswely long actuator stroke wequirements and the gensor location and equ111—

brium problems with angular migorientation it appears the translation type mount is
unsatisfactory. .

The approach o concentrator reorientation which uses concentrator alignment must
he considered in light of three factors. One, the amount of power lost due to the
rotation of the cavity aperture in the focal plane as part of the correctin:; aclion of
‘the mount, Two, the variation in the im&dge shape, location ard percentage power
ioss due to concentrator alignment error, . Three, the effect on sensor powor input
due to image spot changes witk con(‘entrdtor mlsnrlentaclon

"The amount of cavity power lost due to a rotation of the apertufe plane relative to the

concentrator axis has heen found negligible compared to other image distortion or
translation losses. The analysis performed to establish the extent of this loss
imvolves several simplifying assumptions. These are: 1) that the concentrator is
perfectly aligned with the sun, 2) the concentrator is a perfet.,t parabola anll 3)
the flux dlStleuthl‘ is uniform over the focal spot.

‘ With these assum'ptions it may be shown that the percentuge of flux which fall outsidem }
. the aperture circle for a single ray . "ght may be as high as 7, 86 per cent. Tigure

3.1-2a illustrates this prospect wi, re y is the aperture circle radius esiablished by the
clllpse formed due tp 2 solar angle of 32 mmutes and a concentrator rim angle of

60 degrees. ) )

| Examinationof Figure3,1 i~2b which represents the concentr ator- -cuvity re]atmnahlp
shows at once that only.part of the elongated elhpse will fall outmde of the cavity.
This p’u‘t of the cllipse possesses an area sufficient to produce a7.86 per cent
reduction in cavity powu hased on a uniform flux distribution. -

This percentage 10&5 is only true for a ray coming from the. edge of the rim at 4
point in the plane pet ledlcular to x-x and on the conc cntwdo1 axis, All other rays
would be subject to a smaller or in most cases zero loss. An a\‘llysm of the concentrator ™
geometry with respect to th\) mchned cavity aperture was made to determine what
concentrator areas would act "nlly cause ellipses with dimensions sufficient to producc
wn impingement of flux outsme\the cavity aperturc limits, The results yield an

\ effective concent mtor area of 61,4 per cent and include a section of gurface appromm

matdy as show;, in. Figure 3.1- éc. "
3]
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With a uniform flux dlstrlbutlon the total loss is then v, 86 x 6.4 or 0,50 per cent,
With a true non- ~uniform flux distribution ‘ .is percentage will drop by an estimated
factor of ten or more. '

te

The power lost due to concentrator alignment error has heen-determined for a ten

foot diameter concentrator and 45 degree rim angle using Figure 3.1-1, For a perfect
paraboloic the change in shapeand location of the im age relative to a cavity aperturc
locatedﬁon‘ the concentrator axis i§ seen to be greal for misorientation errors in .coss
of 3 minutes. A higrher rim angle would of course increage these changes in shape and
Jocation, Assuming uniform flux over the spot areas an integration has heen performed
to develop a curve of cavity powaer versus misorientation angle as shown in Figure
3.1-3. In a curve which would be generated using a true flux profile for each nndge spot,
the shape -voulrl be altered to mainiain the total power at a higher level for migorienta-
tion angles up to 16 minutes zmd veduce total cavity power at a much faster ruje for
angles exceeding 16 minutes,”

A more general evaluation of the effects of concentrator misorientation may be made

from the plot of results of a computer study, (1) Figure 3,1-4 Laows the reduction in -~ -

percentage of focal plane power which results for several assumed area oon\,entratlon
ratios as a function of orlentatwn, error, The curve expres« ad for tae 12,000 con-

centration ratio would be most J,pp“ol)rlate for cofisideration with heliotropic devices.

For this curve it is shown.that even with the absence of concentrator surface and

geometry exrors the available power falls by 10% or more with an alignment error

of 12 minutes, For most space power generation systems a 10 per cenl dechne in

power would probably 1*réprecxent a tolerable limit. ’ ' i

Figure 3,1-5 represents a third evaluation of Ithe effect of concentrdtn m.scrientation

in terms of the measured power output from a thermionic cubical cavity generator
ag a function of concentrator orientation error. These curves are summarized in

Fig‘ure 3,1-6, The band wicth is shown here to indicate the maximum variation in

power output us a function of misorientation in several planes and with minor variations

in the solar constant. The amount of power attenuation here indicates not only the

effect of a reduction in caVity power but the effect of a change. in generator performance

due to a less favorable flux distribution and a reduction in generator efficiency due to -

the cavity temperature falf off, L - "

;
u
A

"

.

The last factor concerping power inpul variatlions to the sensors due to changes in the
image shflpe and flux distribution is the most difficult to evaluate. [The misorientatior.
of the concentrator, even when limited to 12 minutes, results in a ganersl enlarge-
ment of the focal image spot and a distortion of the {lux pro{ile. ‘The sensors will not "

TR N
N 2 ' . ¢ LM .
- ' ‘ il ' l’\ ! N
1 .~ B
(t )The data in l‘lguros 3, 1-4 through 3. 1-6 were obtained during (RW researoh
dctwu;,os prior'to the initiation of the program mpox/',tcd hereins \
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introduce any additional alignment errors due to this change or distortion in the
signal source. In fact the balancing action of the mount is such as to insure the
direction of the maximum possible flux into the cavity under any condition of mis-
alignment regardless of the typc or extent of image or flux distortion., This is true
because regardless of the flux profile or ambient level of the sensors, the actuation
mechanism will always try to reduce the sensor power input to a minimum, Also
for a balanced system each sensor in an opposing pair will be adjusted to have a
comparable " mum irput which requires therefore that the maximum flux be

“directed betw« . these sensing points. Since the sensing points are located at the

cavity aperture the flux must enter the cavity. The only real danger is that the
increase in power input might raise the ambient sensor temperature above design
imits and cause the destruction of the mount mechanism,

3,2, Review of Bimetallic Mechanisms

The most direct approach to pagsive solar orientation is to use simple bimetallic
sensor actuators., Previously tested models(2) utilized these "imetals in the form -
of simple cantilever members with the tips protruding into the cone of cémcentrated
golarflux and the rear end anchoredto a gimbal ring arrangement, The operating
mechanism involved the tilting of this gimbal ring by the unbalanced hedtmgof opposed
bimetal elements. These mounts worked well in most respects but possessed several
weakenesses and performance limitations.

For example such arrangementa require some means of supporting or fixing the tip ’

.end to the generator assembly without introducing large resisting torques in the plane

90 degrees removed which would render the elementis in that plane inoperative. Also

there was found to exist a conflict between requirements for mechanical stiffness and
rapid th,grmal response, Further, the pivot bearing or support arrangements used in

the gimbal ring assembly were not able to carry the required loads or withstand long
term operations in vacuum at high temperatures. These factors and others indicated
a need for a review of himetal actuators to select more appropriate configurations.

A summary of this configuration evaluation is presented in the following paragraphs,

for: 1) cantilever strips, 2) glmbal-less mount, 3) spiral coils, 4) hairpins, .

5) discs, 6) helical coils, and 7) flexure bearings,

Cantilever Concept

1

This concept shown in Figure 3.2~-1a is of the type previously built and tested. The
listing of advaritages and disadvantages that follow are based on the experience with

‘these previous test models, ' .

2
( )TRW Corporate Program,

18



C

CANTITEVER CORCEPT

APERTURE

FREE-FLEX

—— 7 BEARING3

BIMETAL
STRIPS

MOUNTING RING

; —— ﬁ e
wr—————-m-‘_ -~

i
T RECLIVE R

GIMBAL RING

FIGHRE 3.2-1a

' GIMBAL-LESS MOUNY ¢
/’\
MOUNTING
o RING
o -
_APFRTURE
<
— n
"
\
~
FREE-FLEX [ s BIMETAL
BEARINGS STRINS
’ (¥
~
‘
s N " \\§:\~ o
. N
NV
— N
" . . RECFIVEY
v GENENATOR
" \
‘ v FIGURE 3.2-1b
19
- " ()
1)
o o
u



' Advantages
Relatively simple

10
2. High gain

w

Easily fabricated

Easily assembled

Gimbal~ILess Mount Concept

Disadvantages

1.
2.
3.

Poor thermal response
Poor mechanical strength

Difficult to locate forward bimetal
support due to hot cavity

o TR

Sensitive to overtemperature-

A

Subjeét to hysteresis

Poor mechanical advantage in ;
support actuator arrangements ' g"

Introduces large bearin‘g loads
Suitable forward bearings not

ayailable

‘-

The concept shown in Figure 3. 2-1b is an extension of the cantilever configuration,

It introduces some simplification by eliminating th= need for gimbal rings and fixing
the concentrator rigidly to the generator. Analysis shows this type mount would work
only with very thin bimetals and would be very inefficient both thermally and mech-

anically.

Advantages
1. Few parts
2. Eésy to fabricate and assemble

u

Spirval Coil Concept

Disadvantages

jael

Requires thin weak elements

Elements must carry the weight
of concentrator-generator

Method of attachmeni of element
tips very poor both thermally and
mechanizally !

Generator moves in and out of
. 1"
focal plane

i

. "Low spring rate will reduce respouse” wo

characteristics \ .

I"igjure 3. 2~2a shows the spiral concept which permits a large volume of bimetal
material to be packaged in a small volume. This -dense packaging means a consid-
erable amount of work is made available for a given temperature change. Unfortunately

v , ’ 20
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this dense packaging also complicates heat transfer and heat rejection and greatly in-
creases the thermal response time. This arrangement also suffers the need for a
separate probe assembly, and special support or bearing structures, and presents

an envelope which is not eagily integrated in a thermionic generator.

Advantages Disadvantages
‘ 1 High density packaging of 1. Difficult to heat 2and cool

actuator materials 2. Requires probe assembly

2. Moderate ea.z of fabrication 3. Requires complicated support or
‘ bearing structures

4, Not easily integrated in generator
structures ‘ ’

- ' 5. Poor thermal response

6. Possible low'mechanical stiffness

Hairpin Configurations ~

Another arranéément which shows considerable promise involyvés the use of hairpin
or folded bimetal elements, This arrangement, shown in Figure 3, 2-2b will double
the deflection achieyéﬂ with the cantilever type and eliminates the need for a forward -
support or bearing point, The open aggembly also provides good heat transfer but
the larger mass of the elements is found to result in a longer response time, '

- Also in order to fully utilize the deflection capabilities and to reduce or eliminate

]

torsional effects at the point the elements are fixed to the generator, a compound
type bimetal must be used. This compound type\‘}\ss,emb]y involves the interchange
of high and low expansion materials on the same side of the bimetal element to
provide control over the deflection mode at critical points, This assembly is of
course much more difficul to properly bqild. '

; 9 M

Advantages ' ‘ Disadvantages -
1., Large deflection capability 1, Longer thermal responge time
2. Good heat-transfer 2, "Elements move relative to the

1 2}
3. No forward support point focal plane

required 3. Sensitive to overtemperature

4, Simple to fabricate and 4, Must carry the weight of con~
assemble centrator and generator

5. ‘Moderate gain - ) 5. “Has 1/2 the stiffness of cantilever

. type for same slement cross

6. No hystevregis expected section ] \ \\

]

o
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Disc Configurations

The digc actuator concepi is similar in inany respects to gpiral tyve and would require

. similar mounting and sensor probe arrangements. Also because of the ability to
package compactly there is a potential for large work outputs, The disc assemblies,

ag shown in Figure 2.2-3a suifer problems of thermal response and heat
transfer and are mechanically very weak, It appears that in order to achieve the
large defleciions required it is necegsary to use very thin digsc elements. This
aggravates heat iransfer and makes the system quite soft with an attendant 1.00T
response characteristic, Also, the disc assemblies and the incorporation of a
suitable probe is quite difficult,

Advantages Disadvantages
1. Large deflections 1. Poor thermal transfer
) 2, Elements removed from 2, Difficult to fabricate
,’ high Fempera;ture area 3. Not.easily integrated in ‘generat.or:
i~ 3, Large work outputf possible 4 Mechaﬁic ally soft ;
5. Poor response éharacteristics

Helical Coils

e , . N

The most satisfactory combination of structural and physical properties is found in
the helical type assembly shown in Figure 3, 2;-3b, The actuatihg element is pro-
tected from overtemperature by the use of an efficient probe. Heat transfer into
and away from the actuator element is adequate. The element rotation is apphied
directly .about the bearing axis and the amount of actual element deflection required
is held to a minimum, The flexure bearings support all the load of the concentrator
and generator and yield only to the torque induced by the elements. The assembly
of the mount-is also simplified by not requiring the elements to be preloaded under

- the ambient. assembly conditions. Also the assombly is of such a shape as to readily

perml’c its installation in a thermionic gener ator. The oniy deficiencies lay in the
area of thermal response and mechanical stiffness or spring rate.

Advantages Disadvantages

3l "

S 1. Relatively simple construction 1. Poor thermal responge

2. High gain o o 2. Mechanically soft ~
~_ 3, Induces rdt\ation\ directly » 3. Difficult to inlcorpor{bte large
o Protected from over- volumes of bimetal material
temperature_

5. Good thermal trangfer C
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6. Easily integrated
'Bearings carry all load LT e

8., No displacement of sensors
relative to focal plane

=

9, Requires no preloading in
assembly ‘

.
/

Flexure Bearing Configuration

Thig configuration in Figure 3. 2-4 is an attempt to combine the functions of both the

frictionless flexule bearing and the bimetal actuator element, The flexible strips

used in the bearmgb are replaced by bimetal elements and the inner sleeve caused
.~ - - {o rotate with respect to the outer slegve by heating or cooling the assembly. When
applied in opposing pairs the bearing assemblies could be used to-correct for concen-
trator misorientation. This concept was originally considered for use in mounts
powered by either secondary optmal systems or auxiliary electmcally operated heaterg,
With the power input derived from sources other than the primary ¢oncentrator flux -
cone such a mechanism may have a potential advantage. Consxdering only the con-
centrator flux as a power source, this concept is at a great disadvadtage. The .
agsembly cannot be miniaturized sufficiently to permit a close approach to the focal
point and probes are not efficient in transferrmg energy rapidly over the longer path.

) Advantgges ” , ' ‘ Disadvantages ~ ' o
L ' 1. Large load capac1ty \ 1, Poor heat transfer along pro'e
L 2. High gain ) ‘ 2. Difficult to fabricate
l ’ 3. Removes elements from hot 3. Assembly must be relatiVely large
environment :

' B 4, Poor thermal response
o 4. Produces rotation directly
N : / © 5, Requires no preloziding " "
5, ~

[}

3.3 Revieiv of Vapor Pressure. Type Mechanisms

v Vapor pressure actuated mounts have been tested previouély in component stages. "
: The results of these limited tests and some preliminary analysis of potential mount

designs have shown this type of mount to have favorable characteristics. Under

-this program the investigation of the various vapor pressure concepts has been
pursued in more detail along with the previously discussed bimetal concepts, n
mount configurations- designed to restore or control orientatipn by realigning the
concentrator the requirement, design, and protective features of the sensor actuation
mechanigm-is gimiliir to that.encountered with the bimetals. "
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It is neqessai*y to insure against destructive overheating of ihe sensors, to insure good
thermal and mechanical response characteristics, high gain, and general compatibility
with the environment and power generating system, In addition the vapor pressure
system must be protected against overpressure, charging fluid decomposition, and

corrosion, Three hasic actuation mechanisms were considered in an effort to

select the concept which will offer the best combination of features. These three are
described as bellows type, hourdon tube type, and helix type. Many arrangements of
each is possible bat for the most part the overall characteristics are not appreciably
changed by such arrangement changes.

Bellows Actuator Type

Bellows. type asgemblies are considered to be the easiest and most conventional approach
to obtaining actuation. Current technology in the bellows fabrication area has made
available a number of small beliows of stainless construction with burst pressures well
over 1500 psi and with deflection and spring characteristics which a1 ¢ appropriate for
use in a heliotropic mount, A number of artangements are possible with the compact
bellows assemblies most of which are quite suitable for integration with a thermionic
generator assembly. Also by varying the bellows size a wide range of motive force or -
torque and motion can be made available to facilitate the adaptation of the mount to

other systems. '

The gain of a bellows system is also easily varied with most reasonable wofking fluids

- since the rate of change of vapor pressure with temperature increases with an increase

in ambient temperature. A iypical assembly is shown in Figure 3. 3-1,

Advantages * : - Disadvantages

1. Efficient force generation 1. Moder,at‘ely expensive

2. Negligible hysteresis . 2. Difficult to fill properly .
3. High and easily varied gain 3. Must be protected against gross

4, Cgmpact and eagily adapted Ovexr pressure

5. Long cycle life 4. Produces rotation indirectly

6. Good thermal and mechanical
response

7. Cah'inecorporate internal
damping for system stability

27
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Bourdon Tube Actuators

Assemblies of the type shown in Figure 3. 3-2 were considered for mount-application.
The unit shown was previously tested and found to be relatively inefficient as

an actuator mechanism, The assembly does not possess sufficient strength to carry
the concentrator generator weight and the amount of torque generated is small
compzred to the hellows mechanisms. The device has the advantage of eliminating

the need for any additional bearings but presents a rather formidable assembly problem
and requires a gomewhat large and inconvenient shaped assembly, )

Advantages

1. Moderate gain 1.

2. Eliminates the need for
bearings . 2.

3. Good response characteristics 3.

4. Produces direct rotation 4,

Helical Tube Actuator

Disadvantages !

I
|
i
Celicated asgsembly with
mary joints ‘
/
Large size N

Inefficient

Low strength “

The uge of a pressurizad helical tube to produce motion regults in a contiguration very
similar to that shown for the helical bimetal assernbly ir Figure 3.2-3b, The probe is
replaced by a gensor and connecting capillary. This assembly is zomewhat more
desirable than the boiirdon tube configuration in that it is more compact and has the
use of external support bearings. Also, the agsembly is simpler and perhafis easier

to integrate with a genérator., Using a”seprsor probe provides for good thermal
response and both this assembly and the bourdon tiube asgembly reguire smaller
sensor charge inventories because of the way motion is produced in the flattened

tube assemblies. . ”
g Advantages Digsadvantages

1. Good response characteristics 1.
?, Small gensor inventcry )

" 3. Produces direct rotation.

2

4.

"

,‘, " = 3. :

o ©

Low efficier\c

Design is not flexible or eaéily
adaptable

Assembly is difficult
Mount is soft

3.4  Prelinminary Design Studies aind Anulogue Computer Fvaluation of K

Proposed Mount Concept

0

iy

Based on the review of all bimetal and vapor pressurc actuator concepts two mechanisme
were selected for a more detailed evaluation, "These were of the helical bimetal and the

o v

A - 29
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‘D’ellqws type. The mount designs were developed around state of the art hardware. ‘The
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designs assume a 60 inch diameter 60 degree rim angle concentrator weighing 10 pounds.
This concentrator would represent a moment of inertia of approximately 17.5 Ib in. sec, 2
The generator is assumed to be of the cesiuwm vapor type operating at 2000°K, weighing
approximately 5 pounde, and having a 100 watt output capacity.

A parametric study of the helix bimetallic configuration was performed and fou .d to
show considerable promise in terms of the resulting element characteristics. ‘In this
configuration it appears possible to obtain a reascnably stiff system with a fairly
high natural frequency and to get high gains and torques sufficient to move the ccn-
centrator. :

A summary of these characteristics ig shown in Figures 3.4-1, 3,4-2, and 3. 4-3.
Figure 3.4-1 shows the natural {frequency of the concentrator mass—mount spring
system, The use of a t/L ratio of 0, 01 and.a volume of 0,1 in3 would glve a practical
bimetal element of 4 x 0, 62 x 0, 04 mches. The natural frequency would be 1.5 radians
per second, N
From Figure 3.4-2, it is seen that a 20°F'temperature change would produce 1° of
mount rotation, Figure 3.4-3 in turn indicates an unbalanced torque of 3.6 in. oz.
would be induced by a 20°F temperature unbalance in opposing elements, This typical
combination would be satisfactory in most instances although not necessarily optimum.

The inadequacy of the bimetallic concept ag determined by analysis and laboratory

test lie in its relatively poor thermal response, Tests simulating a helix configura- -
tion showed that the thermal tine constant of such an assembly is on the order of 6
minutes or greater. Thig response is consistent with the thermal response achieved
with a leaf type heliniropic shown in Figure 1.0-2, It has been concluded tkherefore, that :
the conflict between requirements for rapid thermal response and mechanical ¢ tlffnPSS
can not be completdy reconciled,

The concept selected for fabrication and evaluation was therefore the ' ellows'type.
A review of the physical and mechanical requirements of an appropriate bellows-
sensor-raount configuration was made, If was determined that no insurmountable

" difficulties would be encountered. A survey of bellows manufacturers was made to

select the most appropriate components and rh’tracterlstics. Sensor- gizes were

- calculated, thermal response times estimated and’confirmed satisfactor ily \Jy actual

lahoratory tests of similar sensor configurations, A review of several reasonable’
charging fluids was made and mercury was selected on the basis of its pressure
characterigtics, stability al.elevated temperaturcs, and availability in a very pure
Std‘t(‘. - i »

w

0

dsed on the various components avallable, a tentative mount design was developed.
From this design and with the particular propextles of each key component, an
analog compntm program was prepared, The cumplete mount~concentrator assembly'
was simulated in considerable detail with the only significant linearization being the
reduction of the radiant transfer term for the sensor expréssed as a dircct function
of sensor temperature, TFor a limited range, however, the error here is small,

0 0
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The simulation results confirmed expected dynamic mount characteristics. Of great
importance was the clear indication of a need for 10 to 20 times the calculated critical
damping based on concentrator inertia and bellows spring rate alone, The system was

eva.luated on a parametric basis to determine the effect of minor changcs in components

on system characteristics, This parametric study indicated eons1derable latitude in -
several areas and pointed up several ways in which mount performance could be
improved, The study also showed that the positioning of the sensor about 'he cavity
aperture will be extremely important in establishing the proper ambient conditiong as
well as i¢ avoid-extremes in temperature or presgure in the sensor-bellows assembly.
The general performance characteristics as"determined by the computer study are
summarized in Figures 3.4-4 and 3, 4-5.

i "
Figyre 3,4-4 shows the dynamic gain and frequency response characteristics of the
mount as determined for the initial design with the addition of a damping factor of

» 20 times the critical, The system is seen to be stable for frequencies up to at least

0,16 cps. Tt is of interest to note that a recent NASA space station specification for a
20 to 40 kw power system required a system compatible with a 0, 4 radians per second
spin, This corresponds to 0,06 cps which is well within the capability of this mount.
This mount design is for a zero g environment however, and therefore would not be
entirely suitable if the radial location produce: large normal accelerations and
moments about the mount bearings. " The parametrlc studies are summarized, in part,
in Figure 3,4-5 where concentrator alignment error is plotted against the vehicle

_ disturbing frequency assumlng a 5 degree vehicle attitide er ror,

3.5 Mount Test Conf1gura 1on

i W U

Many factors must be considered in the design of a heliotropic mount which will be
suitable for a thorough performance evaluation. The mount must be a prototype

in the sense that it meets, all the requirements in terms of size, response, strength,
environment and practical space and volume limitations, Also the prototype mount
must be capable of being tested in a me~ ningful way {o determine its space system
capabilities while under the constraints of earth bound test conditions., Tinally it is
very desirable that as much adjustment as possible be built info the mount to permit
changes to be made during the testing without incurring the need for extensive redesign
or modification, ’

The test mount, as previously stated, is designed to operote'with ab foot diameter

60 degree rim angle concentmtm and a 100 watt thermionic generator. The physical
properties of these principle componontb were used to verify favorable mount perform-

.ance in the computer study, The detailed characteristics attributed to these prmmple
- components were derived from actual test results obtained with the solar tracker test

fac-ility and experienoe with-several thermionic gener ators desgigned for a nominal
100 watt output, The solar test facility is shown in Figure 3, &- 1

"o
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Extensive flux profile measurements have been made for the concentrator. These
profiles for some tests include the optical dispersion and attenuation effects of the
polished bell jar dome which encloses the environmental chamber, Other measure-
ments of power available for a range of solar constant have algo been made and

used to determine concentrator reflectivity, bell jar transmission, cavity absorber
efficiency (for thermionic generators), and the effects of small orientation errors or
displacements from the focal plane. The values derived from. these tests and uged as
the design criteria in this program are listed as follows:

Concentrator effective area - 18 ft2
Concentrator reflectivity - 80%
Bell jar transmission - 82%

“Cavity absorptivity (approximate) - 85 to 90%

N s

Optimum cavity diameter - 9/16 inch for 2000°K operation -
zero misorientation

6. Cavity radiation loss (2000°K) - 82 watts/cmz

Figure 3.5-2 shows a plot of the flux profile as measured in three planes with a Ruge
radiometer. The fringe regions of these flux profile curves were subsequently averaged
and used to generate a curve of sensor input power as a function of radial distance from
'the concentrator ixis. This plot of sensor power input is shown in Figure 3. 5-3 and
served in the computer study using a nominal sensor design point location of 5/16 inch
from the concentrator axis. t '

The thermionic generator configuration used to establish the hot cavity calorimeter
design shown in Figure 3, 5-4 is for the most recent TRW design executed under
contract to the Air Force, It was felt that such a generator is a typical 100 watt unit
and therefore was used in defining the working environment and integration require-
ments for the prototype heliotropic mount. This basic generator design was converted
info a calorimeter assembly with several modifications cf the body portion made to
facilitate mounting of heliotropic hardware,

The calorimeter is of the power distribution type previously built and operated on
past TRW solar thermionic test programs. It simulates the temperatures,
temperature distributions, approximate geometry, and materials used in an actual
genefator assembly. Also as a calorimeter device it is able to measure input solar
power and power distribution in the event the concentrator is misaligned and the flux
transfer is no longer uniform, Such a calorimeter permits a good evaluation of power
available for direct conversion by a thermionic device, can be fabricated at a fraction
the cost of equivalent generator, and serves admirably in the evaluation of the helio-
tropic mount in terms of providing a realistic environment and assisting in the evaluation
of mount performance under solar test. The design points chosen or calculated for the
calorimeter are listed as follows: . . j "

o
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1, Cavity temperature 1700°C

2, Cavity design power input 797 watts
(assume a solar constant of
75 watis/ft2 at the TRW
Cleveland test site)

3. Calorimeter body temperature ; 442°C

4, Calonmeter element radiator

temperature . » r470°C |
5. Cavity aperture diameter 7 5/8 inch
6, Cavity absorptiwty " .90
. 7. Cavity radlatlon loss 151 watts
8 Calorimeter elements heat
flux (each) . . 151 watts
9. Stray power losses “ 32 Wétts
10 Radiator element émissivity‘ 7, 88
11, Effective radiator area (e;ach) ’ 94 cm?

The power distribution calorimeter opél ates by measuringithe AT between two points
located on the conductive shaft hetween the hot cavity and the radiator. By knowing
the distance between these points and the area and conductivity of the shaft, the
equivalent power transfer can be determined. The actual assembly is also calibrated
by elec.,ron bombardment techniques which permits an accurate measure of element
input power-as a function of the measured AT. Side losses and support losses are
held to minimum by design and efficient multilayer shielding as in the thermionic
generator. Small errors which show up during calibration may be corrected to

insure nezgrly identical performance in each calorimeter element, ‘

The body modification to, the calorimeter consisted of altering the generator design

shown in Figure 3.5-4 to include four-flats between the element radiator assembly
“to facilitate mounting the heliotropic hardware. Also approximately 1/4 inch of
- space is now available above the calofimeter elements to permit the location of the
sensor probes.at the edge of the cavity formed by the head pieces of each element,
The calorimeter and the mount hardware including the support members and base
plate assemblies are designed to be compatible -with the existing environmental
test chamber. The base plate is designed to mate with the solar test chamber shown
in Figure 3,5-5 and with other glass bell ]'u's on laboratory test stands. This
plate also includes the recepfacle for all power and instrument ieads, and special
leveling or ]ack ssemblies to permit minor adjustments of the calorimeter relative
to the focal plane and axis while solar testing under vacuum.

i
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T 1e rmlim lxaf"’ ‘1” 4 e yed on the analogue computer wasg dewelopea by mating -
the. e oit: ).;i')u!' > “ong staiiless steel bellows available with the calorimeter assembly.
’i‘he %,,wm» ~as chosen hused on its burst pregsire,- sDring rate dlameter and length,

.%nd seroke, A review of 6 potential bellows leard to the seieciien of a
beltows haviu; 25 convolutions, an effective area of , 06 8q. in, a maximum pressure

“of 1500 psn and a total deflection of approximately . 125 inches, The gensor ambient

.temperatvys was calculated based on the heat balance attained within the confmes of
the generator while subject to the solar flux input, radiant fransfer from the hot
cav1ty, and reasonable conduction and radiation icsses from the sensor body. This
témperature was established at 1059°F and was found to correspond to a mercuzy
vapor pressure of 281 psi. Using this pressure, the effective area of the bellows,
and selecting a working radius of , 8 inches the actuatot design torque, sensor in-
ventory and thermal mass were determined, As previously discussed these values
were' ‘used in the simulation and varied over a small range'to obtain parametric type
data to determine methods of readﬂy improving the mount characteristics. The
computer study'indicated a larger bellows arca, larger sznsor thermal masg, and
a softer sprihg rdte would offer even better performance. The computer also
indicated a need for an increase in the viscous damping factor of from 10 to 20 biues S

»the velue calculated based ou the concentrator mass and selected bellows spring rate

alone. Takmg all these factors into accoun‘c the final des1gn was drawn up,

The- uosmblhty of better perfm mance with a larger softer bellows as well ag the fact
that originally“selected bellows requlred 3 months for delivery, required that another
bellows assembly be sought, A most promising welded bellows was located, The
bellows was of all welded construction and of nesting ripple diaphragm contour. It
was reported to have "excellent long stroke capability and good linearity of str oke
with pressure." Its characterwucs are an effective area of 0,093 sq. in., aburst

. pressure of 1500 psi, a Jpring rate of 60 lbs, per inch and a maximum stroke of

0, 225 inchegy. As well as having a larger area, an almebt 100 per cent increase in
permissible stroke would allow moie latltugle in selecting the bellows morment arm,
The bellows assembly, as d'rawn with the new bellows unit, is shown in Figure 3, 6-1, P

A complete layout of the calorimeter and mount assemblies is shown in Figure 3. 6*2
The mount actuator assembljes are shown as four identical attachments which are
simply screwed into place on the flats between each radiator assembly This latter

' armngement permits the subst1tution of mount assemblies at will,

\\

The bellows assembly is fastened into mount brackets by lock screws which faciliiate

" the initial mount ad]ustmn,nts. The elongated slote are’provided to permit optlmuation

of the torgue - stroke eharaeterlstlcs which would depend upon the nature of the -
disturbances which must be handjed or the noncentmtor msss, These slots also .
provide a way of adaptmg other ‘size bellows assemblies. */é existing mount and uybtem,

or of" qdaptmg the present, mount ‘md bellows to other p'a/ nerator-conceutrator com- '
ponents of different size and mags,

ts
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The sensors are shown as small wedge shaped reserveirs containing mercursy sufficient I
to fill haif the sr asor volunie when the mount is in the balanced posgition, When the

mourt rotates the mercury is transferred from the hetter sercor and into its bellows. -
The opposing bellows forces sume of its charge to the cooler sensor. This continues ' .
until the mount has rotated at full 5 degrees. At full rotation the heated sensor is

deprived of its entire inveniory and the wmercury recedes inio the capiilary thereby

preventing the overpressure. of the bellows assembly.

The damping required for proper system stability is provided by using 10 inches of
. 006 to ,007 diameter capillary mbe bebveen the sensor and bellows. Since this bore

_ size is as small ac can be foumd any additiona! damping would have to be added external

to the mouat agssembly, Calculations indicates hewever that this capiliary size wouid
be sufficient to give the iactor of 10 required in the previously calculated critical
damping.

The sensors are provided with two adjustment features in addition to the pogsibility

of adding shizlds or applying emissive coatings to alter the temperature characterisiics.
A smell copper holder is ksed to thermally grouud the sensor capillary to the calori-
meter bedy. The length of the path and the craduction between sensor und body may

be varied by adjustment in the placement of this copper bolder. Also, by moving the
entire hoider ani sensor assembly in and out, the amount of solar flux intercepted

by the sensor at the cavity edge may be controlied to obtain the proper ambient,

These features insure the mount will be compatible with the solar concentrator even

in the event the concentrator flux profile is not precisely known before hand.

During laheratory tests of the mount head was introduced fc the calorimeter elernent

by electron bombadement. A sirgle multi tarn tantalum filament is used as the electron
gun source, By proper positioning it was possible to ¢btain uniform power introduction
to each of the four calorimeter clements. Each element was monitored for its own
fraction of the total ~mbardment current to permit accurate power measurements to
bc made for calibration purposes. The sensors include a , 110 diameter drilled hole

to permit the insertion of 2 small sheathed heater. Tlese heaters were uged to
simulate the solar input power and will be arranged through the use of an electrical

s\ itching aefr.ock to allow a variety of misalignment conditions to be simulated.

Photograpbz of the principle components and agsemblies are shown in Figures 3. 6-3
and 3, 6-%, The parts which make up the calorimeter elements are presented in ~
I'igure 3.6-3, The completed mount assemoly exclusive of the bellows-sensor sub-
assembly is shown in TFigure 3, 6-4,

Component Specification

A list of the specificaiions for, materials used, ard other design operating data con-
cerning the mount and the principle components is preseried in the following tables,
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- . TABLE 1

Cavity temperatire
Radiqtor temperature
Body temperature
Calculated AT values
Total cavity power
Reradiation Joss

Element con&ucticm power
Cavity absorptivity
Radiator enigsivity

Body emissivity

Bellows-Sensor Assembly

1.
2,
3.
4,

5.

Bellows temperature
Sensor temperature
Bearing temperature (max)
Sensoy clamp: assembly

Sensor emissivity (selective)

Heater and E, B. Gun Assemblies

10

.

2
3'
4

EB voliage
EB current per clement
Total! EB power

Sensor heater input power

DESIGN POTNT VALUES

1700°C
490°C
442°C
680°C
797 watts
161 watis
151 watts
.90
. 85
o2

400°C
572°C
400°C
442°C
.05t0.8

600 to 800 volts

, 251 to . 189 ampg
604 watts

4, 85 watts
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TABLE 11

MISCELLANEOUS MOUNT PERFORMANCE CHARACTERISTICS AND PROPERTIES

(=] o2 =N ;M w
. . - . .

10,

Maximum motion or rotation
Design control motion

Maximum allowable residual
alignment error

Anticipated residual alignmeni
arror

Anticipated steady state rain (min.)
Frequency resyonse

Mount natural frequency

Critical damping

Bearing load capacity

Minimum cycle life

TABLE I

MATERIALS

L Calorimeter Agsembly

o

[y
=
-

OO0 < o w1 o W

-

Shaft

Cavity
Radiator

Radiator Coating

‘Shields

Body

Cover Plates

Insulators o -
Thermocouples

ftuds and nuts

(%]
favd

! 6 degrees

+ 5 degrees
+ 12 minutes

+ 6 minutes -
-

200 degx"e/es/ degree

' 0to.1 cps

2.2 rad/sec

. 16 in#/rad/sec

56#
200, 000

Moly

Moly
Cppper
Pyromark _
Moly foil
316°S. 8.
316 8.8.
Diamonite
C/A

303 8. 8.
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TABLE III (Cont'd)

~ Electron Gun Assembly

Filament

Holder

Holder support insulator
Leads .

Heater Assemblies

1.
2'
3.

Filament
Insulator
Sheath

Bellows Sensor Assembly

10
2.
3.

-3 =23 ] ‘NP
. - .

-

Bellows
Capillary_

Sensor

Bellciws Housing
Charging fluid
Bearings = -

Support brackets

Support structures

11
2'
3o

Brackets
Support Stand

Misc, Fasteners

Tantalum
Moly
Lava B

Copper

Tungsten
Magnesia
Nickel

347 8. 8.
347 8. 8.
316 S.S.
347 8. 8.
Mefcury
s.s.
316 8.8,

316 8.8,
316 S.5.
Carbon Steel & 8. 8.
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4.0 TEST PLAN AND PKGCEDURE -
4,1 Test Plan -

Four distinct classifications of test must be accomplished to complete the evaluation
of the mount design. This requirement arises from the fact that severe complications
result from attempting a test of space hardware under eartt hound restrictions.

In this program both the vacuum environment of space ond the mass characteristics

of the system hardwarc must be simulated., Alsc, the test simulation must exciude

or compensate for the 2ffects of gravity to completely quali.y the fest results, To
fulfill all of the reguirements the following specific test activities must be included:

1) vacuum sysiem and instrumentation check out, and calibration), 2) tests to determine
all thermal eguilibrium and dynamic response characteristics, 3) tests to simulate and
evaluate the inertial mouni-concentrator characteristics and 4) solar tests to confirm
mount gain-and response characteristics and verify the compatibility of the mount with
the solar test environmenti of a precision concenfrator,

Because of the large concentrator inertias it ig impossible to include a4 mass with
similar inertial values within the vacuum test chamber walls, Such a mass would
weigh 250 pounds to fit within a 12 inch bell jar and would greatly exceed the bearing
load capacity and further complicate the effects of g loading on mount performance.

The approach therefore becomes one of performing all thermal equilibrium and thermal
dynamic measurements under high vacuum and the inertial or dynamic system response
tests outside the vacuum. By careful measurements of all temperatures, and rates of
change in temperature for various power input with the mount restrained or loaded °
with simple weighted lever arms, a map of the mount torque and motion is obtained. These
characteristics can be compared to the calculated values and computer (‘h'wactermhcs
to confirm the adequacy of the mount design,

Having obtained the thermal response and torque-motion characteristics under vacuum
with the proper temperature environment simulated the mount can be’ removed from

the vacuum for inertial {ype tesis,

Outside the chamber it is possible ic .2l ihe weight which simulates the concentrator
at a radius of 26 inches. The inertial characteristics are properly simulated and the
bearing loads are easily acceptable. The sensors may thenbe heated to the ambient

"indicated under vacuum by using oversized electrical heaters and adding more power

to overcome the additional heat losses in air. . With the sensors forced to the
operaling temperature in open air the mount toryues were exactly the same as
were measured under vacuum. The interaction of the mount and concentrator mass
simulator were observed and. recorded as a function of forced sensor temperature
variations. Again the response characteristics can be compared with the computer
program results. Having monitored and recorded the relations between sensor
excitation and mount movement for various types and frequencies of disturbances
the complete mount performance can be determined by combining the results of
both vacuum and air tests,
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Haying ob;amed all pertinent mount characteristics in the laboratory it will be possible
to proceed with the solar test activity, Again because of the need for a vacuum
enclosure, the concentrator in the tracker cannot be conaected directly with the mount
assembly, Also, to do so would be useless since the t'acker mirror weighs several
hundred pounds. The results of appiying flux unevenly to the sensors can be determined
indirectly, however. By starting with the concentrator correctly aligned and the mount
properly located in the focal plane, the ambient operating conditions can be established,
If at ihis peint &4 known alignment error of several minutes is introduced in the tracker
orientstion system the sensors will be heated unevenly and a torque developed in the
mount actuators. By allowing the mount to rotate until it reaches a new torque equi-~
librium point at x degrees the mount gain can be calculated. The response was alsc
obtained from recordings of this rotation, By introducing a sinusoidal disturbing

gignal in the tracker the dvuamic response of the mount was obtained for several
frequencies and again compared with the previous computer results,

Having completed all three test series all mount characteristics will be known and it
will have been demonstrated that the mount is properly designed to respond to an

actual solar test environment.

4.2 Summaisy of Laboratory Test Procedure

The instrumentation available in the calorimeter mount assembb which was used
to facilitate the testing i as shown in Figure 4,2-1, -

Vacuum System and Instrumentation Checkout

The completed assembly was pumped down and leak checked to insure a tight system,
With the pressure below 107° mm Hg. a high voltage was applied to verify proper
insulation of the calorimeter and electron gun assembly, 'The high voltage was reduced”
and the bombardment filament heated to p: oduce small emission currents. All
thermocouples were noted for proper resp nse, and the bombsrdment current
distribution to each calorimeter. clemer. mcasured, to insure an approxim:‘ely

uniform power distribution throughout ‘the calorimeter. With a checkout of the
instrumentation, the preliminary system tests were coinpleted and performance

testing of the calorimeter mount assembly began,

Calorimeter Calibration and Thermal Equilibrium

The first tests to determine system characteristics involved the heating of the
calorimeter cavity by means of electron bombardment. This was done to determine
the operating temperature of various mount components at full power input, and to
calibrate the colorimeter elements,
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thermocouples mounted in diode simu'ating elements
thermocouplee mounted in sensors

thermocouples mounted in radiators

thermocouple in calorimeter body

thermocouple in base plate

sensor heaters

.espective EB current lends

motion transducer input leads

X-axis transducer oufput

Y-axis transducer output
FIGURE 4,2-1
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The electron gun assembly was attached o and supported by the calorimeter so that
the filament projected well into the cavity formed by the four diode simulating, elements,
Eiectron bombardment (EB) of the cavify was achieved by slowly increasing the
femperature of the filament and the accelerating potential uniil the design power level
was reached. Tests were conducted using a bombardment current of 1. 19 amps with

a 512 volt accelerating potential. Approximately 200 watts were used to heat the
filament. Making the total power iuput to the calorimeter 81( watis which is slightly
in excess of the 797 watt design level. The exact measurement of {otal power input
under solar test cannot be determined by electron bombardment heating and calibration
of the calovimeter, This is vue because there is some difference between the logses
experiencec in the electron gun and from the covered hot cavity and the losses under
solar iest. Rough estimates of electron gun losses made by noting the differerice in
calorimeter power with and without the high voltage applied do, Lowever, show a loss
of approximately 71 watis from the gun assembly. Thig loss added to a calculated loss
of 11 watis due to radiant transfer from the hot cavity to gun body is reasonably close
to the loss expected by reflection during solar cperation which is 79 watts assuming a
cavity absorptivity of .90. It is therefore reasonable te expect the total power input
by bombardment is within a few watts of that which is retained by the cavity under
solar energy operation.

Calibration was performed by measuring the AT along sach caiorimeter fur various
vezlues of EB power. Power input was measured in terms of pombardment current
and accelerating potentiai. Trom this data characterisiic curves of AT vs power
input were prepared for esch element which permit the determination of total power
and power distributicn within the cavily during misorientation under solar test.

Rotation vs Sensor Temperature Unbalance

A set of two diametrically opposed sensors were heated to the desired ambient
temperature by employing the small elecirical heaters, By changing the powsr input
to one sensor its equilibrium temperature was changed while the temperaiure of the
other was kept constant. For various values of temperature, rotation anc! AT were
measured, and characteristic curves gonerated,

Inertial Tests

These tesis were performed out of vacuum. Given moments of inertia were simulated
by positioning a set of weignis at various distances on a yoke arrangement. The
sensors were heated to a desired ambient temperature by using electrical heaters.

The temperature of one sensor wag then made to oscillate about the ambient by varying
the power input to its heater, while the other sensor temperature was kept constant.
Recordings of rotation and sensor temperature were made. From these recordings .
phase shift vs. frequency ch.-acteristics were determined, ' ’
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Natural frequency and damping characteristics were also defermined during these
tests. The mount was given an oifset by adding a small weight to one arm of the yoke.
When the deflection stabilized the weight was removed and a recording trace of the
resulting motion was made as the mount returned to its original position. From these
traces the natural frequency and time constants were determined.

Rotation vs, Torgque and Stiffness

With the electrical heaters the sensors were heated to a desired ambient temperature,
Torgues were produced on the mount by adding a small weight at given distances along

. one arm of the yoke arrangement. For each value of torque the resulting rotation was

recorded. From this data a curve of rofation vs lorquz was generated and spring
constanis determined, This procedure was repeated for various values of ambient
sensor femperature.

Sensor Temperifure vs Power Input

With the system under vacuum sensors were hested using a small electrical heaters.
After equilibrium was established the len.eratures and power inpuis were recorded,
This procedure was performed for values of sensor input power ranging from 2 to 18
watts. From these tests a curve of senso: temperature vs power was generated which
could be used to verify the proper design operating conditions in the mount, and served
to indicate the level of flux interception during solar tests,

Attenuation vs Frequency

. I
To determine the thermal response characteristics of the sengors under dynamic '
conditions the sensors were tested by the application of sinusoidal variations in power
input. ’
This test was performed using differential transformer control circuitry mount.. in a
relay rack, The sensors were electrically heated to an ambient temperature of 865°F
Using approximately 7 watts of power input. Superinfposed upon this power level was
an alternating signal of 2,1 watte, This value was chosen because it simulated the L
gensor input that would result from oscillating concentrator misalignments, The power
signal was imposed at various frequencies ranging from 0 to . 033 ¢ps, with the upper
limit of frequency being determined by the heater response capabilities rather than -
sensor characteristics. The temperature difference between sensors was measv.ed
and a plot of AT as & function of excitation frequenty generated. Similqr dynamic
excitations were applied with the concenirator simulating masses in place to determine
the inertial respouse and attenuation characteristics for this portion of the system.
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‘Thermal Response

This test wis performed using one sensor only. The sensor was electrically heated
to an ambient temperature of 935°F, As various step inputs of power were supplied
to this sensor a continuous frace of its temperature was made, From this trace the
rate of change of sensor temperature was obtained for each power input, A curve of
dT/dt vs. incremental power input was then generated, This procedure was repeated
for an ambient temperature of 850°F.

4.3 Summary of Solar Test Procedure

The following procedure was followed for all solar tests. The tracking rig was
activated and checked {0 insure proper alignment and operation. The chamber pressurs
and instrumentation were also checked. The shutters were opened and solar enetgy
allowed to enter the calorimeter. All pertinent temperature and deflections were
monitored continuously throughout the test operation on appropriate meters and
recorders.

Static Response Tests

After equilibrium was established and the sensor temperature balanced a given tracker
misorientation was imposed. The rerulting temperature changes and mount rotations
were recorded. .This test was repeated with the offset given in azimuth and elevation
and then in a di:ection 45° removed. The test was repeated for several values of
misorientation. '

" Frequency Response Tests

These tests were performed alony one axis only. After the sensor temperatures were
equalized alternating step changes of misorientation were introduced.” These imposed
offsets ranged in frequency from . 017 to . 167 cps and had a magnitude of 3 and 5
minutes, As the rig osciliated sensor temperatures and mount rotation were recorded,
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5.0 TEST EQUIPMENT

5.1 Laboratory Apparatus

The major portions of the laboratory test apparatus are shown in Figure 5. 1-1 which
also shows the calorimeter mouni assembly located on the laboratory test stand. The
mechanical and diffusion pumps located underneath are coupled to this stand. The two
vacuum chambers shown at the left are a 12-1/2" bell jar used for laboratory testing
and the precision ground glass dome used during solar tests.

The console shown on the right enclosed all instrumentation used for solar and laboratory
tests. Going from top to bottom, the first panel held the ammeter and switches used to
measure EB curreni. I also held the potentiometers used to adjust the motion trans-
ducer circuitry. The second panel held two C/A pyrométers and a 16 channel selector
switch to monitor the various temperatures. Next are shown two Varian dual channel
recorders on top of a 24 point temperature logger. The recorders were used to mea-
sure temperature response and niount rotation as a function of time. The logger was
used to monitor temperatures during all laboratory and solar tests. The empty panel
was later used to contain the sensor heater controls and meters. The bottom panel
contained the thermocouple gauge and vacuum ion gauge controller used during the
laboratory tests. Other miscellaneous conirols, meters, pyrometers e‘c. are not

shown.

The electron bpnibardment power supply is shown at the lower left side. It has a capa-
city of 4 amps at 1000 volts D, C.

Calibration of the calorimeter was performed by electron bombardment heating of the
cavity, Figure 5.1-2 shows the electron gun assembly used for this activity, It con-
gisted of a tantalum filament mounted in ¢ molybdenum holder. The lead wires were
copper and the insulating support block was machined from lava B,

This assembly was attached to and supported by stainless steel studs in the calorimeter
cover plate so that the filament projected well into the cavity formed by the four diode
simulating elements, as shown in Figure 5. 1-3.

A schematic of the electron bombardment circuitry is shown in Figure 5. 1. 4.
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Electron Bombardment Circuitry
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FIGURE 5. 1~-4

The two transducers used to measure angular displacement were simple carbon film
type potentiometers. One was mounted along each axis of rotation so that the motion in
both directions could be measured simultaneously and independently. The pots were con-
nected to the movable mounts by a steel suppori brackel and were free to rotate. The
pot stems were not free to rotate being rigidly attached fo the calorimeter as shown in
Figure 5.1~5, Rotation of the mount would therefore. cause relative changes in resistance
in the potentiometers producing an unbalance in a bridge circuit which was monitored by

" ihe recorders.

. Trangducer Arrangement

T R

POTENTIOMETER MOVABLE MOUNT

ARMS

Lndd

WA iy
.1

b, y

iy

FIXED CALORIMETER
BODY
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FIGURE 5. 1-5
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Transducer Bridge Circuitry
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FIGURE 5.1-6

The reference pots were used to reduce the output signal to zero when the mount was
in a null or balanced condition. The calibration pot provided a means to adjust the
output signal magnitude for a given unbalance. For all {ests this was set to yield an
output of 20 mv/degree rotation, ‘

Torques were applied to the mount and concentrator inertias simulated without exceed-
ing the bearing load capacity during "in air" tests by employing the yoke arrangement
shown in Figure 5. 1-7.
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Given torques were produced by applying a small weight at various digtances along the
arm. To simulate the inertia associated with a concentrator and minimize the effects
of gravity a set of 6 pound weights were made which could be positioned anywhere along
the arms. * By adjusting these two weighis to counterbalance each other, dynamic tests
of the system were made with moments due to gravitational effects reduced to zero.

The temperature and power inputs to the sensors were simulated in the laboratory using
small electrical heaters, The heaters were fastened to the sensors and the whole as-
sembly wrapped in copper foil to insure good thermal conductivity. For the "in air"
tests larger heaters were used and insulating material wags added. A schematic of the
heater circuitry and controls is shown n Figure 5. 1-8.
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Heater Control Circuitry
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FIGURE 5. 1-8

Variable transformers 1 and 3 are used to set the desired temperatures for the two
diametrically opposed sensors under test. By regulating the control on variable trans-
former 2 the power input to one heater incr . 28 while it decreases for the other. .This

. heating arrangement simulated the flux unbai.nce that would be present do to &8 mis-
aligned concentrator. :

5.2 Solar Test Equipment

The tracking rig and instrumentation rack used for the solar tests is shown in Figure
5.2~1. The tracker is a searchlight rig modified to follow f,}”le sun a.d containg a § foot
diameter precision glass concentrator. The console contained the same components it
wid during the laboratory tests, except that the vacuum gauge was removed. During
operation D. C. servo motors and gear reductions at each pivot axis drive the rig to
keep the optic axis of the mirror continually pointed at the sun, The drive motors are
controlled by a iracking systern which consisis of sun gensors, servo amplifiers, and
amplidyne generators, With this arrangement the rig will track the sun automatically
to within + 1 minute of error,

A tripod arrangement supported the vacuum chamber so that the calorimeter operture
wasg in the focal plane of the concentrator. A mechanical and a diffusion pump were
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mounted on the rig and coupled to the test chamber. The rig also contained a thermo-
couple gauge and ion gauge controller to measure the operating pressures. Two solar
sensors, one each for azimuch and elevation. along with an optizal aligaing device were
mounted on the rig parallel to the concentrator axis as shown in Figure 5.2-2.

The sun sersor each contained two photo resistivc cells which formed part of a bridge
network. The control box on the rig contained bhalance pots to null ouf the bridge when
the concentrator was perfectly aligned toward the sun. The rig also contained circuitry
so that various offsets could be introduced during the solar tracking, TIhe controls were
such that either steady state or sinusoidal varying offsets could be nroduced independent-
ly in both azimuth and elevation.

The optical alignment indicator consgisted of a lens system that imaged and projected the
solar disk upon a ground glass viewer as shown in Figure 5. 2-3. With perfect align-
ment the solar disk would fall in the center of the grid. For concentrator misalignment
this spot hecomes displaced from the center of the grid. The graduvations on the viewer
made it possible to measure the amount of misorientation within a half wuinute. Each
graduation repregented one minute of alignment error. "

A pyrheliometer was mounted on the rig parallel to the optic axis of tl.e concentrator.
Use of this instrument was made during all tests to measure the solar conglant,
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6.0 7FEST RESULTS AND CONCLUSIONS
6.1 Preliminary Laboratory Test Results and Mount Modifications

6.1.1 Calorimeter Measurements and Desigi: Changes

The results of the preliminary calibration tests and temperature-disiribution measure~
ments in the calorimeter simulator assembly showed that the design possessed qeveral
niinor defects which prevenied the calibration of the elements 4s calorimeter deviceb

The two main difficulties encountered with the calorimeter elements wei'e that the J

thermal contact between the shaft and radiator sections changed as the assembly warmed” -

up, -and that the foil shielding which surrounded the shaft section was less effective than
the calculations had predicted. The junction between the shaft and radiator was made K
by clamping the two-pieces together with a collar and screw. The arrangemerrt was
such that upon heating the clamping action should have tightened due to the reldtive .
expans:on of molybdenum, copper, and stainless steel. It appeared however that the
contact pressure wag- pot increased by heating or at least that this increase was offset
by a der,rease in contact in the dlametral direction hetween the shaft and rad;xator

At about half power the AT in the shaft, and the radia,tor rate of change of témperatu_re.
with power input was reduced. Also the average shaft temperature appeared higher
than it should, and the radiator temperature was somewhat lower than the input power
level would indicate as appropriate. =The c,onclusien was that the conduction of heat-

down the shaft wag mte;rup*ed by a shifted or a reduction in the contact between the , -
shaft and rad1ator " This situation was aggravated by the fact that this dxscontmmty
was not cons1stent or reproducible between elements or test runs,

An attempt at-refitting the eleraents by slightly upsetting the radiator bore to make a

presés fif with the shaft, and increasing the tension on’the clamping screw was. only
partially successful, The discon iinuity occurred at a hlgher temperature but remained

unpredictable, The situation was finally corrected by brazing the two parts together.

The second problem encountered with the calorimeter shielding was not severe but

did result in a reduced cavity temperature and a greater percentage of power lost by ..
radiation along the shaft length. The cavity temperature attained at design power

input was. a hundred degrees below the nominal 1700°C design value. It appeared that-
the four to five layers of dimpled moly foil were not quite as efficient as calculations -
hesed on radiant transfer would indicate. This may in part be due to the existence of
pressures as great us 10"3.mm hg between foil layers or to more efficient conduction
coupling between the dimpled surfaces. A layer of Micro-quarts strip was added at the
time the radiator and shaft assemblies were reworked to help improve the insulation
characteristics of the foil shields.
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8.1 ,;2>"‘,Prel'iminar‘y Mount Tests and Design Changes

Moun{ rotation as a function of temperature difference between sensors is presented

in Figure 6,1.2-1. These vacuum test data were cbtained by imposing a temperature

gradient and allowing the mount rotate to a.new position as required by static torque
equilibrium. Mean or ambienj;‘témi;erature of the gensors is 1000°F., The gain or

- slope of this curve is about 1° rotation per 100°F difference in temperature between the
‘two gensors. ‘This is less than one-fifth that expected based on the manufacturer's

stated charac,termtu,s for the bellows. Eaqually unexpected, no improvement in gain
was detected Wlth increase in sensor ambient tempnrature It was concluded that

increasing.the test temperature and pressure increases the bellows stiffness thereby

nullifying the gﬂin that should result from the pressure- temperature char acte1 istics

of merculv

: Upon heatmg ‘of the calommeter at the des1gn input power level the sensors which are

posmomed very close to the cavity were found to reach temperatures of near 1800°F as
opposed to the 1059"1“ oeqign value., The copper.heat sink clips which hold the sensor-

_ -capillary strucfure were woved to the closest or most effective position in an effort
.. “to reduce sensor ambiont teviperatures and the test repeated. A slight reduction in
_ sensor temperature was noted. The sensors were then thermally grounded directly
" -to the top plate of the calorimeter assembly by means of supplementary screws which
were iniréduced tbréugh slots machined in the top plate. Again a small improvement

wag noted but the temperatures were still 400 to 500°F too high. Finally the top plate
was blackened, stood off from the body biock and several foil neat shields arranged
between the top plate and sensors and the hot calorimeter clements. Even with these
changes the sensors operated o'verBOO"F ahove désign.

- It appeared impossible fo operate the mercury sensors in close proximity to the focal

plane and the hot cavity. After considering other possmle modifications to reduce

- gensor temperature it was decided to locate the sensors farther from the foval plane

of the concentrator outside the calorimeter body. This not only reduced the operating
temperatm*e of the sensors but could even increase the rate of flux intensity change as
a function of misorientation, Near the fringe or tail of the flux distribution curve and
at the same radial distance, the rate of change of flux intensity is surely greater for
the out of focal plane traverse than for the on focus data. Unfortunately no actual flux
profile data is availabie for the region forward of the focal planhe. Estimates were
made-of the probable flux intensities and sistribution how ever, and it appeared

_reasonable that good performance could be expscted. These esiimates proved to be
“quite-good as indicated by the results of the scolar tests that followed,

Moving the sensors on top the cover plate will allow the Sensors to be designed to
operate more efficiently, With the sensors in the cavity, space limitations alone
indicated their shape. ~
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MOUNT ROTATION AS A FUNCTION OF TEMPERATURE
GRADIENT BETWEEN SENSORS ‘
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Cotars, ¥~

In an attempt to upgrade mount performance and establish proper operating conditions
a number of changes were incorporated in the mount itself, Doubling the length of the
bellows cut the spring rate in half, While the gain was not as high as desired the new
unit was able to track or follow through % 5° with a persistent error of less than & 12,

The constant gain characteristic was still present in the double assembly and because
of this the precise establishment of the sensor temperature was no longer critical.

In other words, the mount performed equally well with the sensor ambient temperatures
ranging from 850°F to 1250°F. S8ince the precise control of this ambient had previously
been found a problem, this relaxation in operating point control was very fortunate.

With the sensors on top the cover plate, it was zpp.-opriate to change the sensor shape.
The mass of the wedge shaped sensor could be reduced to improve the time response
of the mount. Also, by elongating the sensors so that the four together nearly enclose
or surround the cavity, more power change per given misorientation could be expected.
Therefore, an elongated tubular sensor was designed and incorporated in the mount.

The new cover plate had been reduced in thickness to reduce the distance from the

~ sensors to the focal plane. In this arrangement, the sensors were shielded by the

top plate which cuts off a direct view of the hot cavity. The top plate will itself he
better protected by the interposition of several foil heat shieids between it and the
cavity. In the proposed arrangement the sensors wouid be entirely exposed. The top
of the sensors could be blackened to increase heat rejection and to improve the
absorption of solar flux in the reduced intensity region if necessary, Support is
provided the sensor-capillary by clamping the capillary with a small bracket to the
cover plate which allows the sensor to be positioned radially with respeet to the optical
axis. The capillary tubes are siill carefully shielded by the support structures so that
in the casc ot a gross misorientation the bellows assemblies will not be destroyed by
overpressure. A gross misalignment will heat the sensor until the mercury is backed
down the capillary tube to a low temperature region where the vapor pressures are
tolerable. In this condition the mount is fully actuated and the misalignment is
removed by the mount if within * 5 degrees, ov will require some vehicle correction
to establish the 5 degree course orientation,

Figure 6.1.2-2 shows the cover plate and sensor modifications, The new sensors are
eylindrical tubes 5/32 O.D. x 1/8 ID x 1, 35 inches long. The mass of the sensor has
been reduced by more than 50 percent decreasing the response time appreciably.
While not a major consideration, the fabrication of the cylindrical sensor is an easier
task, Also, the mercury charging of the sensor is easily completed by pinching and
welding of the tube itself,

The vacuum and mercury fill avrangement used is shown in Figure 6.1.2-3. The

- sequence to mercury charge and seal the assembly was as follows:

1. Close valve A and open valve B and C and evacuate the assembly,
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SCHEMATIC OF BELLOWS~SENSOR ASSEMBLY
CHARGING METHOD

WMW/- MERCURY RESERY/(M®
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FIGURE 6.1.2~3
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2, With a hot air gun, heat the bellows, capillary, and sensor to 200 to 300°F
to boil off any residual vapor,

3. Slowly open valve A and bleed mercury into ithe hellows,
4, Close valve B. Pinch down on tl e tubing between valve B and t.ae bellows

and decreasec the hellows volume by stroking the bellows stem, thereby
forcing mercury through the capillary and into the sensor.

(92

With the assembly full, close valve C and pinch, snip, and fuse tight the
bellows fill tube and sensor.

This charging sequence was altogether satisfactory in that seven successive units were
filled without 1reident.

As noted previously, inrreasing the sensor temperature increased the bellows stiffness
and thereby reduced the gain of the mount. To alleviate this problem and to increase
stroke, two bellows were welded in series.

This longer bellows assembly required that a ball and socket joint be incorporated into
the mount to prevent biuding of tlie bellows fitting within its chamber. The ball and
socket joints functioned very well in vacuum with the addition of a dry graphite lubricant,
but this is not considered a suitable approach for ar extended space application. The
use of small flexure bearings would be recommended.

AN
6.2 Laboratory Performance Test ‘

Prior to the presentation of test results, it i worthwhile to'examine more closely how
the mount is activated as well as the parameters that inﬂuené@ satisfactory operation
of the mount, \

\
\,

Figure 6.2~1A shows the bellows assembli . the room tempera Qe condition,

The sensor and bellows are almost compleiely liquid filled, The sockets are backed

off from the bellows stems an amount sufficient to allow £ 5° rotation. \Additional
clearance is provided for the hellows to operate hot. It was calculated and confirmed
in the laboratory that disimilar rates of expansion of the mercury and bel]Xx\v material
will account for , 025 inch change in stroke per 100°F change in temperature’ Since

the coefficient of expansion is greater for the mercury than for the stainless sicel
bellows an increase in bellows temperature extends the bellows stem, thereby r\ec\luiring

additional clearance, N

\v
Figu: < 6.2~1B shows the mount in the balanced position with the socket properly
pusitioned. Increasing the temperature of both sensors at the same rate equally
increases the pressure and force on the sockets bat the mount remains balanced.
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The bellow-sensor inventories at maximum rotation are shown in Figure 5.2-1C,
The sensor volume is reiated to the bellows area and moment arm so that at full
rotation (¥ 5°) the one sensor will be depleired of mercury and the other will be full.

Figure 6.2-1D shows what happens if the sockets are improperly poéitioned. This
could result from not accounting properly for the relative expansion of mercrry and
stainless steel or from the collapse of the bellows under pressure, The mount is
shown balanced, but the sensors are not one-half full, At some rotation less than 5°
the one sensor will deplete compietely, the temperature of the mercury will decre: 2
and the response of the mount will he imparred,

6.2.1 Thermal Response Tests

Static tests of mount rotation as a function of AT between sensors were performed

for with the double bellows assembly. The results as shown in Figure 6.2.1-1
indicate a gain for all ambient temperatures off 2. 2% rotation per 100°F AT, This is
in agreement with the preliminary tes.s it that the gain of the new zssemblies is ahout
twice that of the single bellows units.

Earlier attempts to obtain the data of Figure 6;2.1-1 with the bellows cold were
unsatisfactory. The curves were nonlinear and quite flat or fow in gain. This was
immediately attributed to lack oi’mercury inventory in the & nsors and the bellows
were heated to correct for this deficiency. The calculated reiativi expansion of
mercury and stainless steel was found to be insufficient to completely correct for the

low gain and nonlinear characteristics, It was concluded that tue bellows convolutions

were collapsing under pressure and the void space caused by this partial collapse was
consuming an additiona: volume above what had been made up by the adjusiments and
expansion compensations, This conclusion was later Lorn out in the determination of
a reduced effective'bellows area and increased spring rates which are the result of
this collapse. The immediate restorations of linearity and gain required only a slignt
additional volume compeiisation Lo overcome the collapse voids, With proper ,
adjustments the mount was found to have reasonable gain and good linearity,

Two of the tests reported in Figure §.2.1-1 were with the bellows at near 300°F
rather than 600°F. These curves flaiten or lose their gain more rapidly than the
others. This indicates that the mercury volume increase due to the 250°F increase
in bellows ambient is not enough to fully compensate for the collapsing phenomenon,

The vacuum thermal response characteristics are shown in Figure 6,2.1-2 which
indicates the thermal response of the sensor for a 935°F ambient temperature level.
The estlmated rate of change under solar test is shown to be almost twice as greai
since the heaters and a copper foil wrapper material will not be present in the solar
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test assembly to absorb heat, Based on Figure 6.2.1-2 it is expected that a persistent

5 watt error inpui to the sensors will produce a full 5 degrees of mouni correction in

oY /RC -
3 Time Constant = 3 x -‘%)—2-*1(/;)—73— 88 100 seconds
3.8°F/sec

neglecting the inertial lag. This i3 at least 8 times faster than the bimetallic type
mount assembly previously tested by TRW during a corporate research effort,

6.2.2 Inertial Response Tests

The actual spring rate of the bellows was determined by the application of known
torques and observing the relative rotation at various sensor ambients. The results
of such tests are shown in Figure 6,2.2-1 for four sensor ambients. The decrease
in the slope with increasing temperature (and pressure) indivates the increase in
beliows stiffness due to the deformation of the convolutions previously reported.

The spring constants which are determined from these slopes are also plotted as a
function of the sensor ambient temperature in the insert figure. Using this variation
in spring constants ana the change in mercury vapor nressure with temperature as
a function of the sensor ambient, it was possible to determine the optimum operating
range for this mount assembly by means of the following relation

ApAl = K@

Substituting C AT = A p where C is the slope of the mercury vapor pressure curve
at any given ambient, the curve in Figure 6.2.2-2 was generaied. The moment arm
(1) equals 0. 80 inches; to bring this static torque data into agreement with the output
rotation as a funciion of AT data (Figure 6.2.2-1) requires that the effective bellows
area be about , 045 sq. inches. The value of A is actually about half that quoted by .
the manufacturer and has been determined as the true effective area which is preseut
urder conditions of higher pressure which cause the partial bellows collapse. An
examination of Figure 6.2.2-2 shows that for the combination of bellow spring
characteristics and mercury pressure characteristics the greatest gain or mount
rotation for a given temperature differential in the sensors occurs between 900 and
1000°F, and requires approximately a 202° A T. This range was selected for the
solar test activities, ‘

From the data obtained under thermal equilibrium conditions in vacuum the 5 dégrees
of mount rotation will require a plus and minus variation (for opposing sensors) of
approximately 3 watts per sensor. This is shown in Figure 6,2, 2-3 which indicates
a variation of 35 to 40°F per wall at the 950° ambient level for the two sensors plotted,
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T amb. K Ap/AT 6/AT °F/5° 0
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960 72.8 .86 . 0246 202
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INERTIAL TEST RESULTS
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Mouni responses 2s a function of frequency was obtained for loads or inertias fiom

10 to 22 in. -1b sec2 and for ambient temperatures of 895°F to 1070°F. The resulis
show that the range of excitation ig limited to frequencies below ,024 cps. The system
wag stable for all tests; in no case was the phase shift or lag between sensor temper-
ature and mount angular rotation more than about 50°, Typical results are shown in
Figure 6.2,2-4, Generally the mount responded as expected in that increasing the
inertia increased the lag while increasing the ambient temperature (that is increasing
the system stiffness) decreased the lag.

Unbalancing moments were added and removed from the system at each test temper-
ature and inertial load to determine the damping in the system. Figure 6.2.2-5is an
example of these data and shows the rotation of th= mount resulting from the unbalance
of a function of time, Relating the time ceonstants from these curves to the inertia and
stiffness of the mount determines the system damping. A sample of data indicates

the energy dissipation capability of the mount is close to that analytically determined.
This is quite good correlation considering all the variables involved. For I=9,6 in. 1b,
sec? and K = 72. 8 in. 1b. per radian, the system is more than 11 times critically
damped as determined by the solution of the equation below which describes the envelope
of a transient response in a proportional type servo system.

E = _(~§+J82-1) wpt
For the 9.6 in. 1b. sec? concentrator inertia and a bellows spring constant of 72,8
in, 1b/rad., as determined for the bellows with a 960°F sensor temperatyire, critical
or natural frequency is:

Opn = \/l} = 2,75 rad/sec

Using the 5,5 seconds measured in the recovery trace of figure 6.2.2-5 and setting
E = .37 the value of § which is the ratio of actual dumping to critical damping is:
§ = f/fc 24 11. For the system design inertia of 17.5 in, 1lb. sec? which is for a
10 1b. concentrator the eritical damping, fc is 71.4 in. lbs/rad. Since f for the 9.6
in, 1bs, sec? inertiz is 11 fe, or 11 x .2 VKJ = 582 in. lb./rad, the value of & for

~ the design system is:

6 = ——= = 8,15 actual

as compared to the computer determined design value of 10.

88

N . ‘
i . N .o Gara ar s [P [ .
- \ 3 l I l




e— P IS

#3IQK0DIA CAIIVO 'OLTIY OYd "SILVIDOSSY NYIUVA RGO U T ¥ & ON LHYHD

<=3
= ] 1 i 1_
= 1 i |

!

IA.~
[
i

=
(=]

gD IADDIL i

i i) 4
397 SIS = WL
¥ .ﬂlc.,llx;’l!l.';

S o~

drit ANENOW A

LR - = P SN B R L S — —

,,J
Q
1
)
O

&9

! L ——— e . ainim—— o i
- ' } ” } | 1oz - - _
= . , ; 7 2 . — - =
z M 1 2 aanow3y : O e : =
T T T T T ANIAANOW : R S { :
! -~ ' . e ”
i | id N Nx{v((ﬂl’\x - m
- - Ehalig i 3= S S
I O i ~ i i - W
1 _T00 e - > K =1 4
o = T
B I | L te H
- “ _ NN 230 N D = ags3gs dgvHD So85 £t
! - : _ = 2 2HS 3TN Ko = gl AANI

— ’ I :-“Mmio-..m.uum.v ,.NU_M.MCMH.».MGWHWMMWE T T

SNdWNY D WIS LS

s A y=2 -

- | !
—— W s s smeme s A e s e S e - N a e s oy e T e B |~r‘|‘|‘. e me———— m e - = .ﬂvl - —— e e ad
¥
= |
= < T
B IR R
s - h
T ~— 3 -
ey : i IR e L P
e, : i .- 3

<&
e \
J

o

o



e v gt iR

——— et OEG BB e

RV SO T R S

[ N S

Voemy  emea ey

6,2.3 Calorimeter Calibration and Equilibrium

The brazed calorimeter elements with the added micro-quartz insulation were checked
individually to insure that the reworking was satisfactory. 'The elements were placed -
in 1 small vacuum chamber and EB heating was supplied. Shafi temperatures were
measured and a plot of AT vs, power input made, The results showed that the elements
were stable and the data continuous and reproducible. The elements were then
assembled into the calorimeter body and the final calibration was performed.

The resulfs of the test are shown in Figure 6.2,3-1. These calibration curves
present the power input as a function of AT for each element.

Equilibrium temperatures were also measured during this test at full power input of
810 watts, The cover plate and body were 970°F and 900°T respectively while the

~ambient temperature of the bellows was 610°F, Cavity temperature was measured at

1870°C using an optical pyrometer, These temperatures may be compared with design
point values of 826 °F for the calorimeter body, 750°F for the bellows, and 1700°C for
the calorimeier cavity.

Two sensors were mounted in the assembly during these tests, One sensor was
positioned so that its inner edge coincided with the 1. D, of the cover plate. The

second sensor wus positioned . 055 further away from the cavity. At full power the
operating temperature of the closer seusor was 1186°F while that of the more distant
sensor was 1210°F, Ii was surprising that the second sensor should be hotte: since

it was further away from the cavity. These excessive temperatures and inconéistencies
were attributed to slight leakage currents in the electron bombardment heating circuits.
(Later solar test results which showed lower and more uniform sensor temperatures
confirmed this conclusion,)

6.3 Solar Tést Results ‘ ‘

6.3.1 Mount Gain or Static Response

As indicated in Section 6.1, 2, the modified sensors were to be mounted on top of

ihe cover plate. Support was provided caly by the capillary with about 1/32 inch
clearance between the cover plate and the sensor placing the centerline of the sensors
in a plane approximately 0.42 inches forward (towards the concentrator) of the focal
plane. Radially, the sensors were located so that none of the high intensity solar flux

- impinged on the sensors with the concenirator in the oriented position. This was

established visually and was confirmed by noting that the sensor temperatures were

always either equal to, or lower than, the cover plate temperature for zero misorientation,

Additionally, within the region indicated, il was established that radia) displacements
of at least 0.10 inch would neither change the sensor ambient nor the temperature gain
for given inputs of misoriertation,
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The temperature difference between diametrically opposed sensors, hased on several
misovientations in both directions, was deterinined to be 35°F per one minute
misorientation. This was congidered an excellent temperature output since based

on the laboratory test results shown in Figure 6.2.2-2, no more than © 6 minutes of
persistent error would be required for the mount to track or follow over * 5" ¢j
misorientation,

Basged on the sensor power calibration Figure 6.2.2-3, 1 watf of power input will
change the sensor temperature about 33°F. The solar test data indicates, therefore,
that there is approximately 1 watt of power intérchange between sensors for 1 minute
of migorientation,

The mount gam for bellow assemblies No. 10 and 12 is about 2 9° Lopatlon per 100°L
AT; representing a 25 per Pent increase in gain over that estabhshvd during the
laboratory testing for this set of bellows, In terms of miSOrientamon the output is
about 1° rotation per 1 minute mlsorlﬂntatlon. ' :
Bellow agsemblies No, 9 and 11, while md1mtmg the same temperature excursion for
a given misorieniation, grov1ded substantially less output rotation than bellows No, 10
and 12, The gain was only 0, 9° rotation per.100°F AT, or about 40 pe. cent of that
established during the 1aboratorv tests. While the exact cause of this reduced output
has not been determined, the following events probably relate to this lower output.
During the laboratory tests, bel!ows No. 9 and 11 were never subjected to teraperatures
above 400°F, At thege temperatures a decrease in gain w* s detected at the larger
mount rotéuons (sec Figure 6.2,1-1), This was attributed to’ the depletion of mercury

~ from the sensor due-to bellows collapge. As with the other set-of bellows, this could

be corrected by adjusting the bellow stem sockets for higher bellow temperatures

_ expected during the solar tests. The volume gained through velative expansions of the
‘Iﬁeruury-dnd the stainless steel would then keep some mercury in the sensor through

5° rotation. Conceivably, an overcorrection was affected in that the bellows tempera-

ture during solar test activity was near 7T00°F rather than 600°F as expected from
: labc)ratom test results, This would cause the bellows and sensor to completely fill
‘during the first solar cycles. The bellow convolutions would then deform into some

new, .nd possibly stiffer, configuration thereby reducing the gain of the assezably.

v+ .mples of static response during the solar tests are indivated in Figures 6.3,1-1
w.ootugh Figure 6,3,1-3, Figure 6,3.1-1 shows the temperature excursions for sensors
“No, 10 and 12 during ¥ 3 minutes of misorientation and the accompanying rotations,
Figure 6.3,1-2 is the same kine of data for bellows No. 9 and 11. Firure 6.3.1-3
indicates the mount response for simultaneous misorientation in both directions; the
output for both assemblies is indicated; temperatures were traced continuously only

for sensors No, 10 and 12, however, In all these tests, ambient sensor temperatures
are near 925°F, the bellows are at 700°T, the cover plate »emperature is 950°F, and
the solar flux is 75 watts per sq. ft.
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6.3.2 Mount Frequency Response

Solar testing was highly successful in that the frequency range was extended several
times beyound that possible in the laboratory., Without difficulty, response through
0.16 cps was obtained. Examples of data are inciuded as Figures 6.3,2-1 and 6. 3.2-2,

The frequency response results are presented in Figures 6.8.2-3 and 6.3.2-4. The
first of these figures is phase shift as a function of frequency. Thermal lag is related

~ to the time delay between the change in orientation signal and the time the sensor

thermocouple senses such a signal, Physically it is related to the time involved to
transfer heat from one part of the sensor to another in that at any one point in the body,
a change in heat input instantaneously changes the temperature. Thermal plus
mechanical lag is the lag between signal and temperature response plus the real
mechanical lag associated with the inertia, stiffness, and damping of the mount, It was
not possible to simulate, during the soler tests, the large concentrator inertia,
Nevertheless, based on the low phase shifts reco. - d during the laboratory tests plus
those reported here, it is expected that a fully loaded mount will remain stable and
perform satisfactory for freruencies through 0.10 cps. ’

Figure 6, 3.2-4 presents attenuation of output as a function of frequency. Statically and
at low frequencies, the solar test gain is lowev than that indicated by the computer
program and it attenuates more rapidly. The differences can be explained by thé
actvual bellows characteristics compared to those used for the computer simulation,

6.3. 3 Calorimetric Measurements

Calorimetric measurements were made to determine.the loss of cavity power as a
function of concentrator misorientation. All measurements were taken for offsets in
line with diode simulators 2 and 4 to simplify data taki.g, and control of the tracker
orientation. - The resulting curves are normalized so as to make them independent of
concentrator size and relative solar intensity. Figure 6.3.3-1 shows the percent of
energy absorbed for individual elements as a function of misorientation. These curves
were combined or summed to form the curve in Figure 6, 3. 3-2 which shows the total
percent energy absorbed for the entire calorimeter. It is shown that total cavity power
loss can be held to approximately 1.5 to 2 per cent despite a Is degree alignraent
error in a gpace vehicle solar power system by using a mount possessing the
characteristics demonstrated in these tests.

6.4 Cmeral Performance and Material Compatibility

One failure was experaenced during solar test activity. As a result of cloud cover that
caused the solar tracker to hunt or track momentarily over * 2 or 3 degrees, solar
inputs of 10 to 15 times design values were imparted to sensor No, 9. This resulted
in a burn-out of the sensor, Inspection of the bellows assembly indicated deformation
but not complete failure, The burst pressure of the bellows is 1500 psi which is,
equivalent to a mercury temperature of less than 1500°F, This attests to the ability
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of the mercury to drain out of the sensor and remain ai a lower temperature should a
malfunction or human error result in excessively high solar input.

The mount has been restored to its original condition by replacing the damag:d sensor.
In any further development however, a sensor material able to withstand higner
temperatures should be considered.

By pressurizing the inside of the bellows (the area normaily open to vacuum) it was
returned, as best could be determined, to its original configuration. Yielding was
initiated at a pressure of 150 psi. This corresponds to a mercury temperature of
970°F and substantiates our observations about deficiencies of this particular bellows.
The burst pressure of the bellows may be 1500 psi, but it begins to exhibit nonlinear
characteristics at 150 psi.

As indicated earlier, the deficiencies that are known to exist in the bellows should not
detract from the favorable featnres of the mount concept since bellows can be désigned
to attain the desired characteristics.

Except for the bellows, the rigidity or stiffness of the mount is completely satisfactory.
Each pair of bearings supporied 15 lbs of load repeatedly during laboratory tests

without bad effects., The operating bearing temperatures were higher than recommended
by the manufacturer but no difficulties were encountered because of this. It seems
certain that other materials could be used in the bearings to eliminate the marginal
status of this component,

Some static change in null or balance position of the mount was detected during the
tests. This has been attributed to transducer frictional resistance. With the pots
out of the system,, the mount would oscillate about a unique balance position,

All materials used were found compatible with the operating environment, No
indication of failure or short lived operation was noted {for any component. The ball
and socket joints used in the bellows assemblies are not considered suitable but were
adopted only as an expedient and could easily be replaced with a flexure hearing in
future mounts. Similarly, the sensors and capillafy and aperture plate materials
were made of stainless steel to expedite fabrication of the mount., Other materials
such as tantalum or molybdenum would be much mare suitable and would preclude
burnouts in an improved moun{ design,
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7,0 CONCLUSIONS

In spite of the numerous difficulties encountered in the testing of the present mouunt
configuration, all the objectives of the program have been met. Most of the problems
center around the deficiencies of the bellows. The bellows gelection, which was
forced by virtue of availability, delivery schedule, cost resulted in a system with
nonlinearities, and gross losses in performance due te reductions in efiective area
and increased in spring rate at the design operating pressures, Other les. <r compli-
cations such as the introduction of addifional and unpredictable volume changes in the
system due to partial collapse of the bellows convolutions were also aggravating
though not insurmountable, 1t has been definitely established in the program that
mount mechanisms of the type reported can be built, integrated with compact high
temperature thermionic generator hardware, and made to operate in the total
environment of such a system in space,

The mouat has demonstrated steady state gains which are more than twice as grest
as specified for the program, The bellows concept chosen for development is flexible
in design and has shown ils adaptability in handling the inertial loads associated with

a wide range of concentrator sizes or weights, Of more importance, the mount has
shown that it is possible to make use of the stray flux at the edge of the focal plane

to permit accurate sensing of concentrator alignment and to provide the power
necessary to operaie the actuator mechanisms in restoring or reducing alignment
errors, The small sensor mass used in the present design produces very commendable
response characteristics and at the same time provides inherent safety features which
limit mount operation and possible destruction under conditions of excesgive or initial
migorientation, '

'

There remains several areas in which improvements must be made before the present
concept can he fully qualified for space use. The improvement of the bellows design,
substitution of refractory materials for use in the sensor assemblies, the eliminalion
of hall and socket joints, would all be aress in which improvement can ce-tainly be
expected, Also before a true prototype mount can be develooed a definite mission

and concentrator~generator module must be specified, Each mount, i spite of
inherent flexibilities, should be designed and qualified for a specific application,
There is no reason to believe the present configuz‘vﬁtion repr. ents the ultimate in
attainable characteristics, This lact is illustrated by a comparison between the
mount performance ddta afid the characteristicy which were predieted in the computer
study using idealized component data, This comparison is best mude on the busis of
the response characteristics relating gain and phase shift to a mount diswirbance or
excitation frequency. Such a comparison is shown in Figure 7, 0-1 whore the solar
and laboratory test data for a concentyator inertia similar to that used in the computer
study is plotted along with the original computer result curves. The tesi results are
quickly seen to be inferior to the ideal or maximum obtainable characteristics but ore
nonetheless achicving twice the design of objectives of this program and responsive
enough to qualify this present mount for many anticipated system applications.
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APPENDIX 1

CALORIMETER DESIGN CALCULATIONS

The Calorimeter design incorporates the features of the most recent thermionic
generator concepts. The environment in the region of the operational calorimeter
is made identical with that of the generator. The calorimeter structures also offer
similar areas for mounting attachments and the placement ¢f proposed heliotropic
desices. The calorimeter will be subject to modification {o permit integration of the

-mount as would a generator of prototype design to accommodate system integration,

No compromise of the generator or calorimeter function will be permitted however.

" The calorimeter will consist of four elements simulating four diodes of-a generator.

The following calculations will size these elements appropriately,

Assumptions and Design Values

1, Bolar Const. SC = 75 W/ft2 ‘(for Cleve,)

2. Conce, Area = ACon = 18 ftz {(with shadowing)

3. Bell Trans, = n; = 82 per cent

4, Moly Surface Absorptivity e g = 0. 5 (with machining)

5. Aperture Dia. = 5/8 inch

6. Element Face Dia, = DE = 0.8 inch

7. Cavity Radius = RC = 0.5 inch
8. Concentrator Reflectivity 5 R = G,é
Cavity Cavity Absorptivity Calcualations:
i € 1+ (1~QS) (A/A.C—Sin2 )

5 | = = ,
,"é‘ ‘S(l A/AC) + (A/AC)
..l@ 51+ ,5(,109 - 111)

.5 (. 891) + , 109
'71_ 5 ( )
2 &= ,90 i
1.

where AC = cavity area in. 2

Figure 1,



This value is dependent upon a surface
absorptivity of .5 = ¢_ which is much
higher than for a plain moly surface.
Experimental results with grooved T
and Mg have shown .5 to be reasonable.

Total cavity power is

PC=AConxSC-x n X «a

R*

= 18x75x,.,8x.82x.,9="T97 Watis

where

A = effective concentrator area
Con
SC = Solar constant
7R = Concentrator reflectivity

fp = Bell Jar transmissgion
& = Cavity Absorptivity
For a 4 element calorimeter the power per element (per diode in the case of a
generator) is calculated:

P P .-P_-P

where

PS = §lit loss which is proportional to AS/ A C x P

PR=o'Ae

C

C

where ¢ = «
C

= 5,68%10°12 x.625% x . 785 x .9 x (2000%)
1
6. 45

= 161,5 Watts

h-2
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p . 197(1-.020x 2x7x1x 282/360/2.794) - 161.5
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A radiator emissivity of .85 = ‘R will be assumed,

r A first approximation of the side losses in each element is necessary to compute the
: size of the radiator which will be required,

i Element Crossection

: %xﬁ* L2slo 7

is 4

€? S

't

P P v SRR

4

151 Watts per elemant,

R3

| Q = Q * Qp

i . N ,

¢ Q1 QZ Q’R2

t

Qy = Qpg

Pl Q= Qg * gy * gy
¥

e

e

L SE At ]

B S ]

s WAan A e

SHIELDING

To simulate diode radiator characteristics in the calorimeter elements a rejcction
temperature ~f 470°C will be used.

Figure 2,



E‘«s

Using a copper radiator ~f the type shown will resuit in a nearly uniform rejection
temperature T based on experierce with similar designs, Assuming the disc area
must conduct nearly all of the input heat Q to the radiator the value of Ty may be had

For
Qpg = Q =7 = Q
T _ i
Qpg = 151 W 21K {(Ca- 1y
N 2ntd/T1
where
T, = 470°C
151 Watts = 516 BTU/hr,
K = 218 BTU-hr. ~ft> - *F—ft
r = 2"/2
[¢]
= 1
r1 ,15%/2
Lo 252128
AT = Bl6x12% .98 - 17.75°F

6,28 x 218x .25
", = B95°T = 480°C

Assuming a uniform temperature gradient along the shaft and head piece we can
calculate T, if radiation is neglected. '

K. A (T-T.) KA. (T. -T) .
H 1 1
= 22 1 2 o |51 w=516 BTU/hr
A1 L
. . 816x .26 x12x B o
ATy =~ 12x.82x.785x 51.3°F

ko |-v~o ]

.
Ao 4
. i
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where
i
fy ~ -25/121t
KH = 60 BTU/hr/ftz/"F/ﬁ
= ,8/12 {t

d1 8/12
“and T] = 2000°K - 28.5°K = 1971,5°K = 1698.5°K
with

[S = 1,125 inch

KS = 56 BTU/hr/ft2/°F/fL

' )
A - B16x1,125 = 30y x107° 2

2 (3080 - 895) x 56x 12 -

d

. 270 inches
9 inch

i

The above calculations are made with the assumption Qg and QRrg may be kept small.
A check of this assumpticn is as follows:

=gy gy (T14 - Tgy) = Power Radiated to first shield

< 1

A is stated to be = 1/2 7 d £ because ofthe view of adjacent hot
R1 - H ™ '
elements.

Considering multiple -shields:

QRl

v ARl

4 4 4 o 4
ATy -Tg) = A(Tgy -Tgp) ==~ = €g (Tsy)

We can solve for Qri if Tgy is known or the equalities can be.simplified,

; —
with A= 1

Y . B v



where €, = head emissivity (for moly), and eg = ¢4 shield emissivity
letting a = €g/)
then (rt-Tg? = a Ten

Ty = Top) = aTSN4_

Tgp = Tgg) = aTSN4

T -1y Tow = 2 TSN4

Summing we get

4 4 4
- = N gT
Ty - Ty = N algy
4 4
and T1 = (Na+ 1) TSN

If N is chosen to give 6 shields:

‘ R1 4 1
= € T = € -
7 Ary s (Tsw) 1(Na+]>
For €. 15 for moly foil
T 1,071 )
= - ———————— | = 7
QRl 5.68x2x6.45x.25x.8x.15<6x1'85+1I 2,09 Watts
Similarly for the shaft:
= 4
= €
QRZ 1 ARZ (Tz )
_ T + T2
where ’I‘2 may betaken as the average —
Again agsuming 6 shields:
~ 4 -
% _, (L ) .. |
ARZ 1 \'Na+1 . J
1,362 4
QRZ = 5,68x,384 X 1,125 x mx 6,45 % ,15 (Tﬁ)

1. 96 Watts

=
o
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The. calculated values of QR1 and Qo give a total radiation loss of only 4. 05 watts
out of 151. Such small percentile losses are negligible in this approximation,

The radiztor area may be calculated using the reduced value of Q3

= - - = f
QR3 Q QRl QR2 146, 95 Watts
_ 4
Qpg o€y Arg (T37)
AR3 = 146,95/5.68 x .85 % (. 743)4 = 99 cmz

Using the conical radiator design with a length of 1", an average outer diameter of
2 3/8", and an average inner diameter of 2 1/8" the following effective area is

‘calculated.

2
(2.375rx1+2125x7x1+11/2 ’Z‘) 6.45 = 93,9 cm>

The last term in the brackets is the rear disc surface. The forward surface is
neglected due to the shielding effect of the calorimeter body. The 93.9 cm? will
radiate 135 watts at 470°C. The remaining 12 watts may be reasonably attributed
to conduction losses which will be associated with the mounting arrangements.
Appropriate adjustments in area or emissivity will be made after preliminary

calorimeter tests if necessary.

Thermocouples will be located in the shaft section 1/2 inch apart. The temperature
gradient over this length will be measured with these thermocouples to determine
Q, the equivalent element power input. Electron bombardment wiil be used to
calibrate or accurately establish the various values of AT according to the power
input level thereby providing a calorimeter function with the four elements.

A-T
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APFENDIX II
_H%yiuo v 7IC MOUNT COMPTJTER STUDY NOTES

The folluwiag |~ ges roptaindl - iiminary calculations of mount component character-

istics uesd to./2ai; T T pregram the beliows-vapor pressure mount on the analogue
computer, . ¥

. SENSOP. INPUT P"WER DETERMINATION UNDER SOLAR OPERATION

The following cu: ves sre uced to determine the probable sensor power input as a
function of pouition rela‘ive to the cavity aperture.’

The original flux data was obtained by radiometer measurements with the tracker and
bell jar sysiem during TRW's thermionic program tests. '

The flux profile daia shown in Figure 1 is summed graphically in Figures 2 and 3 to
determine the total power intercepted by a seusor entering the focal spot. The sensor
is assumed %o be a . 60 wide rectangulayr plate located in the focal plane. The total
sensor power interception is summarized in Figure 4. ’

CHARGING FLUID SURVEY "

A brief review of potential charging fluids has narrowed the candidates to those shown
in Figure 5. Other fluids including liquid metals have been rejected because of high
chemica' reactivity, low temperature decomposition characteristics, or difficulties

in handling or charging procedures. Of tiie group remaining, mercury or water appear
most suitable. Mercury will be selected because its vapor pressure is reasonable for
operation at the 900 to 1100°F sensor temperaiures expected, it is available in a pure
state. and is easily handled. The vapor pressure characteristics of mercury are

given in Figure 6,

GENERATOR AND SENSOR HEAT BALANCE CALCULATION

From earlier calculations tae loss through the side shields is 4, 05 watt per element,
The slit loss is 797 x (1 - .965) = 27.8 watts. In addition the sun will contribute some
power in space, but not in the environmental chamber which encloses the rear face.
The remaining heat input ¢omes from the eleraent radiators. The following equations
apply, ’
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FIGURE 1
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CHARGING FLUIDS
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Figure 7

o

Radiator-Calorimeter Arrangement and Heat #iux Pattern

The heat balance in Figure 7 ig given by:
4+ q *dg+ Pgp * Pg = aprtap* 4,

where g = insulator conduction per element

q; = shield losé transfer (approximation)
ag = ecigg loss transfer

. qp; = edge radiation {1/4 of body)

“‘ qp = top and boitom radiation (1/4 of body)
. = suppori conduction (to be neglected)

! 11 = .6 cmavg,

Ap = 4x6.45 %1462 x . 785 avg.

(33 |)
= 432 em”

- .

_ € 4 4
ql—O’-:r\.‘.—Al(Ts J.‘B)

KiAp (T3 - Tp)

11

4 .. 4

q2 =o’52A2 (T3 -Tg)
= A 4
4p;= o egAp; Ty

i
ap = oceg ATy
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K = ,12/4.1%6 = ,0287 watts cm °C

I
Al = (2 @2%-1%) /4) x6.45 = 15.2 em?
o o 2 .. . , .
A, x~  3.62x 173 em® estimated effective area per ciement including

view factor

74

Ap = T cm?2 effective area top and hottorn/elem.
AL ¥ Ay
p - 1 Assuming a machined surface on back of
1 L, _1 .,  rad. andbcdy block
15 .15
= .08
€9 = . 62
€n - N
o = 5.68 watts °K? {FFor temp. x 1000°)
N = 4 shields (with uniform temp. grad.)

Substituting in the heat balailce equation and soiving for Ty yields

T, = 718K = 442°C
B
The body equilibrium temp is 442°C based on this approximate heat halance, Tt re-
mains to establish the sensor equilibrium temperature to insure reasonable operating
ambient conditions,

Assuming a cylindrical sensor reservorr with a small diameter to length and neglect-
ing end effects we can write the heat balance {for the typical geometry in Figure 8.
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Top PLATE\

<

Sensor-Cavily Heat Balance

Figure 8

From Figure 8

FRSEY-—

ARS*AgB "9 =4dc " 4E * 4f
'!. g = solar flux (Lo be neglceted in the caleulation of TS ambient)

¢ = heal conducted trom sensor by support capillar (to be neglected
due to very small value compared to radiant transfer)

It will be assumed that the sensor is blackened except for QC + 8 which is gold plated
und polished, :
Then,

I 8RS

- .l s Q“i
RS = O €RS 5 ds 1o T

Y

ORP 4 o4
qRB [ E\‘{B "EE‘(")‘ TTdS ls (TS - rB)

B-10
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- 8c B
Gc = Teg 360 " 9s is (TC" - Ts)
0K s 4
Q. ~ Cep —?-b? meglg (Typ™ - TS4)
o = 5,68 for T in °K x 1000
= 1
€ps . 9 blackened sensor
1
=4 ———— 3 [
‘RB 1 1 - 69
—_— 4+ =1
.97
1
= — — = .04
eC 1 }_—-—1 L0497
.9 .05
1
eE = L K 1 . =, 04538
.26 .05
BRS _ 210 _ )
360 360 ~ 003
ORB 180 _ 5
360 360  °
8C 70
360~ 360 19
OE_ _ 50 '
360 360 s
= 715°K
TB <
= 2000°
Te K
T - 2000°K
C N

Substituting in the heat balarice equation from Figure 8 and dividing through by
om dg 1g we get,

f-11
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L0x .83 Tgt 4 .65 x,5 (Tt -, 715%) = 0497 x .19 x (2,0% - Tgh) + . 0433

x .14 @,0% - T

8546 T .1 = 3020
s

Tq = T8B°K = O69°F

This is a reasonable sensor ambient in the abisence ol any signal power input. The
corresponding vup~ pregsure with mercury as a fluid will be 140 psi. The preceding
heat balance is very simplified and the actual ambient equilibrium will best be
deterrained by test,

Using a . 040 area bellows (OD = 11/32) at . 9 radius the sensor volume can he
calculated for - 5° cencentrator motion.

‘ ]
) = 0 =,9 x> = ,156"
i T X 7.7 56
V.. = gA_ = ,156x.08 = ,00935 1113
T B
For \'ﬁ = 2 VF and 1S =, 6"

22.00935 x4

dg = 4 = ,199 in.
. 360 - (9(5 - GE
Then . POA = L6 . { -
Then AI{B RS 6 x 199 x Py
= 25 in
L9 % . 683 +,65 x .,
Also €Rppy * fry = 9x.58 B x5 L1865

1,083

From 959 to 1100°YF the rate of change in radiated power is approximately . 0046
BTU/sec °F in2 for ¢ -1

1 walt solar input will raise Tyg

BTU - A
Ay = 1 Gen - 25 x ., 785 x K ATy
- !
ATy = 111°F

5 .25 %x L7850 x . 046

B-12
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It is apparent that the introduction of even 1 watt will produce a large change in Tg.
It is likely that the support structure will have to be designed with sufficient cross
section to stabilize T¢ within reasonable limits, An additional fin to aid in radiant
rejection may also he added w the enciosed portion of the sensor. A third possibility
is to add a grid to shield the sensor in part ) onmi the solar flux to reduce power
transfer. These options will have to be tested in the lab using dummy sensors.

Assuming the nominal sensor operating temperature will be 1970°F or 111°F above
zalorimeter ambient it is possible to evaluate response time in the sensor and the
initial rvate of change of pressure with a 1 wait signal.

Using
doy atT
ag SR Y
a - MeP g

and substituiing

M = Vsx ¢ = ,01870x ,29
Cp = ,12 Btu/#
%? ~ 1073 Bin/sec

The rate of change of sensor temperature is

dT _ 1073

dt L0187 x.29x .12

1.52 °F/sec/watt
using mercury as the fluid charge

g}t?- = 1,4x 1,52 = 2,1 psi/sec/watt

where 1,4 is the slop~ of the mercury pressure-temperature curve,

The sensor response time may be approxintaced by

1l x,63

3I'C = 3x L 52

159 seconds

B-13



Support conduction less from the sensar along its capillary tube length is as foile--C,

KA
"7 T Tp

K]

DY

24
A= L0627 ‘4x6.45 = 01 cm*

2 o
s fudiignd . /e o
K = 3,156 watts/°C cm“ em
1 = icm
.2x.0194
_- e 548 - 713 = ’12 Of
q 11885 (348 13) -4 watts

The small value of q justifies dropping the quantity in sensor temperature deter-
minztions but indicates the need for larger support sectio 1s to wdjust for solar
flux input,

BELLOWS SELECTION

A survey of various bellows manufacturers has shown severul possible standard
vellows which may be of use in mount designs. These bellows a: o compared here
to select the most appropriate for use in the design,

Tne beiiews selected should be compatible with size and pressure requirement of
the mount, *iso the bellows should be of steel or rionei to insure compatability
with rercury, and ihe properties of the bellows should yield thé greatest amount
of useful work and 1equire a minimam of sensor inventory volume to insure fast
thermal response. DBy assuming 2 maximuma snglc 6 = 5°, a persistent torque
of 5 in =, and a pressure of 270 psi at 1379°F for tuc sensor the various hellows
can be comparad using the following equations,

: K
T = rp.-‘\.-r39 :‘—

where r = radjus arm in,
€, H 2
A = effective are in
K = spring rate/conv. #/in, ‘conv,
N = pumber of convolutions,

Also 8 = r@uand N = 3/K

B-11
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where Ky

X ailnenle ¢eflection per convolution in, /conv,

s 295
L.Co T = rpA ——mrg,ﬁ_l
= r{pA-KK)
Table I
Tablc of Stondard Bellows Characteristics

Bellows  OD in. A in. —"ci—)% p max psi 3 ——————-i'2‘0 ::a“" N Max.
1 1/4 . 033 ~ 100 1300 .Gu3 30
2 5,16 . 0485 2750 920 , 002 22
2 11/32 .06 1 409 1500 . 005 25
1 15,32 J12 1640 619 ' . 004 i4
5 9/16 .16 30

For 7 = 5in., r mayv be o' tain along with the number of convolutioss N required

for tL. aeflection of 5°.

660 360 . 099

Table IT

Bellows T in, N Vol, in, 3 Work in. #
-3
1 2,94 29 8.4 %10 1,35
- - -3
2 . 683 43 2.77 x 10 .592
-2
3 . 545 17 2.82x 10 .6
3
4 193 22 2.0x 15 485
’ I : oy
5 L 134 16— ‘ 1,85 x 10 .465
r.o+T
. ! : + 5
Work = -(“-“"—; 0 0 = rA 5 2 g in, #

n-15



The above tabulation shows a definite advantage in several areas for the 3rd bellows.
Also, the size, radius, number of convolutions and maximum pressure are satisfactory

for use in the mount,

Bellows #i and #5 require too small a radius,
#4 require coivolutions in excess of the number available,

very large radius and 4 times the sensor volurr 2 of the other units,

Bellows 42 and
Bellows #1 required a

Having selected bellows #3 as mcst suitable a complete set of characteristics mar be

tabulated.

Llicwing the radius to v

o234

total the following Table is maae,

ary from .5 to 1.5 inches and assuming 2 max 6 of ~ 6° or 12°

Table TI
Diameter TFree Spring

Radius In,  Deflaction In, Volume In, 3 Sensor In, Convolutions Length Rate
r d Y d N FL In. K in#/Rad.

.5 104 6.25 x 107° .115 21 . 965 16,7

.15 156 9.35 x 107" 14t 31 1.426  25.3

1.0 . 208 12,5 x 107 .163 42 1.93 33.0

1.25 26 15.6x 107 .182 52 2.39 42,0

1.5 .312 18.7 x 10-’3 .199 62 2. 86 52,0

6 125 25 36

Since the bellows is limited io 25 convolutions by the manufacterer, A radius of
. 6 is desired, Since the radius of the diede elements may be . 5 inches with shielding,
the bellows radius is:

11 .
'+ ——— — d 1A} 3
.5 30 /2 . 672" min,
This indicates a siight over stressing of thebellows at 8 > 10, 7°.
A practical design radius is chosen to be . 8 inch, This allows . 3 tor bellow and
enclosure cylinder radius in the calorimeter, With 25 convolutions the maximum
stroke should be ,125 or ., 156 vudians, and . 156 radians = 9°, Using Fulton Sylphon's

nomographs it appears a eycle life of 12,000 may be expected becanse of the low
operaling to maximum pressure ratio with a 110% or 10° dellection,

B-16
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Because deflectior is rcally = 5° it 15 likely a still greater cyete life will result
although most hellows life times are specified ussuming deflectica in one direction
only.

Degipgn Values f~r Computer Program

r = .8" K2 = 36 in/rad, N = 25
2
FL = 1.15" p = 270 psi A = .06 in,
des
9 = =0 Cycle Life 12,000 P 1500 psi
max

Small Diameter Capillary Damping Calculation

Recriont~tion of a 3olar concentrator required the application of a force to the mass
of the system. Unless the energy given the mass is somehow dissipated, continued

oscillatior <{ the concentrator will result. To prevent this small diameter capillaries

arc used as dampers. The analysis uses prerading calculations indicaling the
natural frequency of the concentrator mass - spring system,

Represent the system as follows:

N L
M)
) \y

M = mass of system assumed concen-
R ,;- - trated \
71:\;,‘ B~ i collector = , (259 sle:
k,l/ for.a wi. of 10,
T f > h =26 inr
K K' r = .8 in (assumed
K, = stiffness of hellows

2

WIS

Figure 9
Restoring Torque == T = moment arm x [orce

1
T-2rxK r

2.1 ) . .
T =2r K =K =torsional spring constant
1 . in, Ib
for K =70 4#/tn, K = 72——
2 rad,

R-17



The undamped differential equation of motion is
o

J6 - Ko=0

The undamped natura) frequency is

= \/T-}:——-_
“n J

. in.lb 2
For K =742 andJ = Mh”=17.5# sec" in
rad.
. , Iad.
“n 2.3 SeC

13 .. . f = ey
Critical damping is or 2 \/—KJ

Consider now the energy dissipated in mercury flowing in small tabes.

2
at 360°C, @ = donsity = .00119 # 3%
in
-5 #
at 340 C, i = viscosity =.0134 x 1077 222¢
in
2
head loss = hL = f% . _ZVE
64
where{ = —\/)jt-i

1 = length of tube

For the torsional system, the damping torque (¢) is defined as the damping torque
when the angular velocity == 1 rad. per sec,

First write ¢ in general terms for utilization in computer program,
=) <)

At é = 1 rad per sec
. in
V. = vel, bellows = r —
)} 53¢
s A XV
V = vel, capillary fluid -~ __
- ¢ . A capillary
y 2
where Ac = ,785d

B-18
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Eguivalent pressure for head loss is
P = 7h 7

and the damping torque per cagillary 4s =~

e A xr = Yh, Ar
i 1‘)"1)le IL 1

2utv
where‘ h, = 32 u ¢

L. -——-—*—E—‘
ged
and *V(‘ A \/b
. 785 d2

These equations yield for' § =1 (V,=1xm

2 2
46, 8Y ulA r
C - n
Ygd
For mercury
.3
Y = 460 /in
Al
o = 00115
.2
in

-5 sec

pos L0184 %1070 =

in”
and for -
1 = 1 inch
A = .060 1112
r 1 inch
d - .010 inch
¢ = 1, 97 in per rad per sec, for | capillary, 1" long of . 010" diu.



Valu=s of ¢ Tor two capillaries at several radii are plotted in Figure 10.

. .2 . . .
Using r = . & inches und .-'\b =.060 in" the value of (capillary length) is determined
from:

fc

¢
tor any capillary diameter selected,

Miscellaneous System Characteristics

1
, I .
Critical damping f = 721in. #/rad./sec. = \/ K _fe =0
c J 2
4.J
Bearing spring rate KB ~ 2 in # rad.
Torsional spring rate X° = 2 1(2 - KB =74 in, 4/rad.
Time constant r¢ = __fL = .475 sec. /
2]
/!
3 . F & 4 = i = ¢ w /
Natural frequency w J 5 2.1 rad/scc
2 10 2 2
Y41 ) 24 - = ’\, = ——— 'S s = . i
Design inertial J Mr 32.2 % 12 X 26 17.5 in sec
NN =3 am o
Sensor heat capacity M(r = 2.89x10 " BTU’/sec°F
‘P

The computer diagram is as shown in Figure 11, The initial program diagram includes

all key components and uses the design values estahlished herein,

13-20
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